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Chapter 1
Introduction
The rapid progress of optical communication systems in the last twenty years has
sparked a wide interest in the eld of photonics. As a result of increasing need for
broadband facilities, optical bers now, form the backbone of current high speed data
transmission networks. When compared to electron transport in semiconductor ICs,
photonic systems exhibit lower heat dissipation, better cross-talk tolerance and enor-
mous bandwidth capacity at optical frequencies. This remarkable ability of optical
bers to transmit signals has led researchers to explore the possibility of replacing elec-
tronic ICs with photonic processors. Moreover, building photonic chip interconnects
with all optical processing may oer a long term solution to the problem of bottleneck
in microelectronics, which may soon reach their physical limit in speed as indicated by
Moore's law.
Crucial to realising the goal of building photonic circuits is to have a reliable optical
design for processing elements such as modulators, detectors, multiplexers, chip inte-
grated sources etc. While some of these elements have already been demonstrated, the
possibility of integrating them at chip level remains elusive. This is due to the fact that
owing to the diraction limit constraints, the size required to conne the optical eld
scales with the wavelength and hence is of several m dimensions. One way to bridge
this size gap can be to use surface plasmons to channel light. The surface plasmons
polaritons(SPPs) are coherant oscillations of conduction electrons on a metal dielectric
interface that are excited by an electromagnetic eld. Surface plasmons can overcome
the diraction limit by channeling electromagnetic energy into sub-wavelength volumes.
The plasmon modes are strongly bound to the interface and exponentially decay in a
direction normal to it. This connement of light into small volumes in metallic nanos-
tructures can provide for large enhancements of local electromagnetic elds which can
be useful for probing a number of linear and non-linear optical eects.
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The past decade, has seen enormous research activity in this domain due to its po-
tential applications encompassing several domains. The unique properties of surface
plasmons has been demonstrated in some of these such as enhanced Raman scatter-
ing(SERS)[1, 2], uoroscence sensing[3{9], photovoltaics[10, 11] and many more. The
strong eld enhancement provided by plasmons may be used to probe many weak
eects, that were hitherto not possible. This period also coincides with signicant ad-
vances in the arena of nanofabrication tehniques, which has led to the realization of
nanostructures with precise control over varied shapes, sizes and spacings. Yet how-
ever considerable hurdles remain to achieve near total chip level integration of these
components.
1.1 Need for Silicon photonics
Si based photonic components working in the C-band range of 1.3-1.55m wavelengths
has always been a topic of intense research. The SOI platform of CMOS photonics
with its high optical connement due index contrast and extremely low losses(0.2-0.3
dB/cm)[12], as well as compatibility with mature CMOS fabrication technology, is a
leading choice of integrated optics technology that can deliver large communication
bandwidth, low latency along with low power consumption for chip level intercon-
nects(g. 1.1). Several key passive building elements, including low loss waveguides
bends, routers, wavelength multiplexers, and ber grating couplers have been success-
fully demonstrated using CMOS compatible processes. However, in part due to its
indirect band structure, the goal of developing Si-based active photonic devices has
been particularly challenging. Si having a higher bandgap, is fairly transparent in this
frequency range. As far as active devices, such as source, modulators are concerned,
devices based on III-V materials remain the best performing candidates. Unlike silicon,
these compound materials have a direct band-gap, which can also be tuned depending
on their chemical composition. In spite of this, III Vs have yet not emerged as the
preferred choice for large scale integration of nanophotonic circuits. The answer lies in
the economics of fabrication. Monolithic integration of circuits is much more dicult
and expensive to achieve with III Vs than with silicon. III-V semiconductors present
dierent processing challenges and material complexities than silicon and economically
producing integrated devices in volume is a major issue. Another drawback is the non-
availability of high quality oxides and issues of purity of compound materials. Due
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Figure 1.1: Schematic of a single optical channeliser link on a hybrid electronic photonic
integrated circuit.(adopted from[13])
to these aforementioned reasons, optoelectronic devices would continue to be designed
using Si based components.
The problem of platform combatibility can be addressed in two ways i.e either by
bonding III-Vs on Si, or by using other CMOS materials such as Ge. As an example
in the case of light sources, an InP based device has been developed by the PICMOS
consortium(of which CEA Leti is a partner)[14] by rst bonding it to Si and then pro-
cessing it to a microdisk laser. In case of latter, both erbium coupled Si nanocrystals[15]
as well as highly doped tensile strained Ge[16] are now regarded as potential candidates
for near infra-red light emission.
1.2 Plasmonics
The above factors mean that Si-based technology will remain as the back bone of any
optical integrated solution. The challenge is to use this technology to build compact
power ecient photonic circuits. Using plasmon based Si photonic elements, optical
interconnects can be scaled down to nanoscale dimensions that are compatible with
current Si electronic devices[17{19]. The highly localised nature of plasmon modes is
remarkably dierent from photonic modes in dielectric guides and presents a new means
of channeling optical signals. Furthermore, unlike in electronic circuits, the use of metal
6 Introduction
Figure 1.2: Comparison between photonic and plasmonic waveguides.
in plasmonic waveguides would not contribute to an increase in RC delay times. Also
the current front-end line of techniques is capable of depositing nanoscale metallic fea-
tures of Al and Cu interconnects on Si which may be useful to integrate both dielectric
and plasmonic waveguides. A typical hybrid photonic-plasmonic interconnect would
consist of photonic guides to transmit optical signals between various circuits, passive
plasmonic elements such as waveguides, routers, multiplexers to transmit these signals
within a circuit, active plasmonic elements such as modulators to encrypt the data
stream, photodetectors to convert the incoming light into electrical signal.
A key issue when dealing with plasmon based components is the unavoidable damp-
ing of metals at optical frequencies. For certain plasmon based waveguide structures
such as MIM, MISM, this damping could be as high as several dB/microns. The ef-
fect of this damping enabled losses especially needs to be considered while desigining
high speed compact active devices whereby a critical tradeo necessary between losses
and mode connement(see g. 1.2). This unavoidable losses means that plasmon based
components are not wholly expected to replace their photonic counterparts but instead
supplement them in a optical integrated circuit. Furthermore, it must be pointed out
that it is dicult to implement a waveguide conguration that combines a system sup-
porting nanoscale SPP modes that can be readily coupled to photonic modes. A clear
understanding is still lacking to dene the propagation characteristics of these SPP
modes in various waveguide geometries. Out of the several plasmon guide geometries,
the metal oxide semiconductor(MOS) conguration is particularly interesting due to its
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platform compatibility and low loss features. There is tremendous potential to develop
this design as an alternative to passive photonic elements in an integrated circuit. This
MOS design has been extensively analyzed and discussed in the third chapter.
Active elements like modulators also form a vital link for integration. Here compact
plasmonic designs are more favourable due to the benet of low power consumption.
Standard electro-optic modulation mechanisms in Si are however are weak and require
the devices to be of several hundred microns length. It has recently been shown in sev-
eral works that Ge can provide a strong electroabsorption in the near infrared region.
When combined with a highly conning plasmonic structure, a compact modulator
could readily be developed. To that end, chapter four reviews the dierent semiconduc-
tor modulation schemes that have been implemented and analyses a probable plasmon
based Ge modulator design that could be incorporated in a photonic circuit.
A photodetector is another active component of an optoelectronic circuit that trans-
forms the incident light into electrical signals. Generally here too III-V materials are
preferred due to their strong absorption in the near infrared region. However due to
the aforementioned reasons Ge based detectors are favoured even though they have
a low absorption cross section which means increasing the detector size. One way to
address the size problem is by squeezing light into nanoscale using plasmons. Chapter
ve discusses a novel approach to design a plasmon assisted nanoantenna based Ge
photodetector.
1.3 Metals at optical frequencies
Metals are widely used for designing as waveguides and resonators for Rf and microwave
applications. In this region of electromagnetic spectrum, the attenuation of EM elds
inside the metal layer is negligible, and so they can be assumed to have perfect con-
ductor behaviour. However, in the near-infra red to visible part of the spectrum, the
eld penetration increases signicantly. The complex dielectric properties of metals in
this regime can be readily described within the framework of Maxwell's equations by
the employing the Drude model, where free electrons of density N and eective mass
m move through a periodic array of positive cores[21]. The high density of free car-
riers in metals results in negligible electron energy level spacing as compared to the
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thermal excitations kBT . These electrons oscillate about the more heavy positive ion
cores, when impacted upon by an external EM eld. This oscillation is damped due
to collision with the positive cores with a collision frequency  = 1

,  being the free
electron relaxation time. The frequency ! of these longtitudinal uctuations is related
to its wave-vector k by its dispersion relation !(k). The charged electron oscillations
are localised in a direction normal to the interface with a maximum at the interface.
The electron motion in a sea of plasma driven by an external electric eld E can be
described by the following equation:
m
d2x
dt2
+m
dx
dt
=  eE (1.1)
where x is the electron displacement about the core position. Assuming an explicit
time dependence for both the applied eld E(t) = E0e
 i!t as well as the displacement
x(t) = x0e
i!t, so that the above equation results in:
x(t) =
e
m(!2 + i!)
E(t) (1.2)
The displaced electrons lead to a polarization P =  nex, espressed as:
P =   ne
2
m(!2 + i!)
E (1.3)
Since the electric displacement vector D = 0E+P, inserting the above relation for P,
we have:
D = 0

1  !
2
p
!2 + i!

E (1.4)
Here !2p =
ne2
0m
denotes the bulk plasma frequency of free-electron gas. The complex
dielectric function of the metal can now be expressed as:
(!) = 1  !
2
p
!2 + i!
(1.5)
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Seperating the real and imaginary part of this function as  = 0 + i00 we obtain:
0(!) = 1  !
2
p
2
1 + !2 2
(1.6)
00(!) =
!2p
!(1 + !2 2)
(1.7)
At large freqencies close to the !p, the term ! >> 1 thereby leading to negligible
attenuation and the dielectric function becomes predominantly real
(!) = 1  !
2
p
!2
(1.8)
!p is the characteristic plasma frequency above which the dielectric constant of the
metal becomes positive and it behaves like a dielectric.
Generally speaking the Drude model is fairly accurate for metals from the infra red
to visible regime. Above the boundary of this region however, interband transitions
begin to take precedence, leading to an increase in 00. This region is better described
by the Lorentz-Drude, model which is a good approximation for dispersive materials
having multiple resonant frequencies that takes into account both inter and intraband
transitions.
1.4 Plasmons on a metal dielectric Interface
At the interface of a metal and a dielectric, longtitudinal surface plasmons can be
excited by an time varying incident EM eld. The dispersion relationship of these
plasmons can be very well obtained by solving the Maxwell's equations and applying
appropriate boundary conditions for the two mediums. The Maxwell's equations for an
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isotropic, linear, homogenous medium is expressed as:
r:D =  (1.9a)
r:B = 0 (1.9b)
r E =  @B
@t
(1.9c)
rH = J+ @D
@t
(1.9d)
Where B = 0H. For the simplied case of a charge and source free medium,  = 0
and J = 0.
Now, taking the last two equations and replacing the expression for B, we obtain the
wave equation:
r (r E) =  0@
2D
@t2
(1.10)
Which can be simplied further to:
r2E  
c2
@2E
@t2
= 0 (1.11)
By taking out the dependence for time variance( @
@t
=  i!), the above equation leads to:
r2E+ k20E = 0 (1.12)
Where k0 is the free space wave-vector.
TM Polarization
For any bounded mode that propagates along the interface, there must be a component
of electric eld normal to the interface. Since this criteria is fullled only for TM modes,
plasmons cannot be excited by TE modes(having a transverse E eld). Taking the case
of a 1D problem, where the co-ordinate system is chosen with x as propagation direction
and z to be the axis with varying dielectric constant( = (z)) with z=0 dening the
interface. The Maxwell's curl equations for TM waves, with transverse magnetic eld
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Figure 1.3: Schematic representation of surface plasmon distribution at a metal dielec-
tric interface.
prole having Hy, Ez and Ex components is given as:
Ex =  i 1
!0
@Hy
@z
(1.13)
Ez =  i 1
!0
@Hy
@x
(1.14)
Since x is the propagation direction and Hy(x; z) = Hy(z)e
ikxx, @Hy
@x
= ikxHy. The
wave-equation can now be written as:
@2Hy
@z2
+ (k20  k2x)Hy = 0 (1.15)
Solving for this equation, the corresponding eld components for both dielectric(z > 0)
and metal(z < 0) regions are given as:
Hy = H
d
0e
ikxxe kdz (1.16)
Ex = iH
d
0
1
!0d
kzde
ikxxe kzdz (1.17)
Ez =  Hd0
kx
!0d
eikxxe kzdz (1.18)
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in the dielectric region and
Hy = H
m
0 e
ikxxekmz (1.19)
Ex = iH
m
0
1
!0d
kzme
ikxxekzmz (1.20)
Ez =  Hm0
kx
!0d
eikxxekzmz (1.21)
in the metal region. kd and km are the wavevectors in the z direction for the dielectric
and metal regions respectively.
Continuity of the tangential eld component Hy and the normal eld component iE
i
z
leads to:
Hd0 = H
m
0 (1.22)
kzd
kzm
=   d
m
(1.23)
The above relation seems to indicate that surface plasmons only exist at the interfaces
of two mediums having dielectric constants with opposite sign. Hence only a metal-
dielectric interface can support plasmon propagation. Replacing the value of Hy in the
wave-equation in the two regions:
k2zd = k
2
x   k20d (1.24)
k2zm = k
2
x   k20m (1.25)
Solving for this equation, the dispersion relation for the propagation constant kx = ksp
can be derived as a function of the dielectric constants:
ksp(!) = k0
r
dm(!)
d + m
(1.26)
Now for a bounded mode, the normal component of propagation constants kzi in both
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the mediums must be imaginary.
k2zi =
!
c
2   k2x < 0 (1.27)
k2x >
!
c
2
(1.28)
Which implies that the plasmon wave-vector for surface bounded modes will always be
greater than the light wave-vector in a dielectric. Since in real metals, the dielectric
constant is a complex quantity, there is always some loss associated with the plasmon
wavevector ksp = k
0
sp + ik
00
sp. In view of the fact that in most metals j00j < j0j, the real
and imaginary part of the complex propagation constant can be expressed as:
k0sp =
!
c

0md
0m + d
 1
2
(1.29)
k00sp =
!
c

0md
0m + d
 3
2 00m
202m
Conditions for the SPP mode to be bounded requires that the real part of the complex
propagation constant be positive which leads to Re fdmg < 0 and Re fd + mg < 0.
This condition is satised for most metals and dielectrics in the long wavelength part
of the visible and infrared regions. The dispersion relation is depicted in the g.1.4.
For the small wavevector limit(0m >> d), the plasmon wavelength is close to the
light line. In the large wave-vector limit(where 0m ! d), the plasmon wave-vector
approaches the characteristic surface plasmon frequency !sp =
!pp
1+d
. Between the
region of the bulk-plasma frequency !p and !sp, the plasmon wave-vector is purely
imaginary and no propagation modes exist in this region. Above the range of the bulk
plasma frequency(> !p), the metal behaves as a dielectric.
The plasmon propagation vector is primarily characterised by two quantities namely,
the propagation length Lp and the the penetration depth epl. The propagation length
is the distance, upto which the plasmon mode intensity is reduced to 1
e
of its original
value.
Lp =
1
2k00sp
(1.30)
Similarly, the plasmon penetration depth epl is the distance from the normal interface
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Figure 1.4: The plasmon dispersion curve for dierent frequency regions.
to where the plasmon mode intensity dreases to 1
e
value.
epl =
1
2k00z
(1.31)
1.5 Plasmon Coupling
Since the plasmon wavevector lies right of the lightline, appropriate phase matching
techniques are required to couple SPP waves at the interface. Some of these methods
are briey decribed below.
One of the earliest methods to facilitate this coupling was proposed by Andreas Otto[22].
Otto suggested that the incident free-space wavevector could be increased by propa-
gating it in a high index dielectric. The eld from this photon in a dielectric would
then leak out through a thin layer of low index dielectric to couple to plasmon waves at
the interface of a metal and this low index dielectric. The EM wave of p polarization
is incident at an angle  to a high index material which in this case is a prism and is
refracted to its bottom surface. A low index dielectric spacer of thickness  separates
the prism bottom from a metal. At a certain angle of incidence , the incident wave
will undergo total internal reection and a leaky wave will be excited in the low index
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spacer. At appropriate energy and phase matching conditions, this leaky wave will
excite a plasmon wave at the spacer-metal interface. The resulting energy loss due to
the SPP coupling will then be detected in the reected beam.
Another common method also using prism coupling is the Kretschmann and Raether
conguration[23, 24]. In this method, the plasmon supporting thin lm metal is de-
posited on the high index prism. Again under proper conditions, the incident light at
an angle above the critical angle, will generate an evanescent tail having a longitudinal k
vector along the metal lm under the prism base that eventually penetrates and couples
to the plasmon mode at metal-low index interface. The two prism coupling schemes
are depicted in g. 1.5. Yet another method to couple plasmons is through a metal
(a) Otto (b) Kretschmann
Figure 1.5: Coupling light to plasmons using the prism phase matching techniques.
grating fabricated on a dielectric guide(g. 1.6(a)). This grating can facilitate both
coupling and decoupling by providing an additional k -vector that equals the multiple
grating vector kGR = 2=, where  is the grating period. If light with a wave-vector
kL = 2=L, where L being the light wavelength in the adjacent medium, is incident
on this grating at angle , then at a particular angle:
2
L
sin  + n
2

= kspp (1.32)
Where n is an integer. A similar relation also exists for the decoupling process. The
equation however does not take into account realistic absorption and scattering associ-
ated with the nite size of grating prole.
Yet another common method of coupling surface plasmons is the End-re coupling[25].
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(a) (b)
Figure 1.6: (a)Light coupling to an SPP wave using a grating to compensate the mo-
mentum mismatch. The SP wavevector equals the x component of the incident light
vector kL and n times kGR, (b) End re coupling.
In this technique, a laser beam is focussed at the edge end of a thin metal lm bounded
on either sides by dielectrics. If the incident beam is p polarized, it would excite single
or multiple plasmon modes at the metal-dielectric interface due to its large eld overlap
with these modes at the focal spot. This technique is quite useful when investigating
proof of concept plasmonic devices. A schematic is shown in g. 1.6(b).
Chapter 2
Numerical Techniques in
Nanophotonics
This chapter deals with a detailed analysis of nite dierence time domain and bound-
ary element method numerical techniques that were extensively used in the thesis for
modeling plasmonic structures.
One of the challenging tasks that remain to realize the goal of designing novel nanopho-
tonic devices is to accurately model the electromagnetic response of nanostructures. The
use of rigorous Maxwell's solvers in designing of rf and microwave antennas is already
known for quite some time. In the optical regime however, in part due to the high con-
trasting dielectric properties of metals, the electromagnetic eld may lead to excitation
of strong localised surface plasmon resonances(LSPRs). At certain frequencies, these
LSPRs exhibit very strong enhancement of the electromagnetic eld, with a distribution
that may present a fairly complex structure, thus demanding more accurate numerical
modeling schemes.
The most conventional way till date to accurately model the optical behaviour of
micro and nanostructures has been through the use of dierential equation formula-
tions like nite dierence time domain(FDTD), nite element methods(FEM)[26{30]
or nite integration techniques(FIT)[31, 32]. Other not so widely used techniques in
plasmonics are the dyadic Green's tensor approach[33, 34] and the multiple multipole
program(MMP)[35]. The FEM technique was developed initially for problems such as
stress analysis, uid ow and heat transfer. It gives approximate solutions of partial
dierential and integral equations. In this method, the simulation region is divided into
a number of small units called elements, which are in turn connected to each other at
specic points called nodes. Within the elements, the unknown eld variables are ex-
pressed in terms of the approximate functions, mostly polynomials. In order to obtain
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an approximate solution for the whole system, the equations expressing the elements
are rst gathered. Then the system of equations is solved by employing the boundary
conditions to obtain the unknown values at the nodes. The FDTD technique(which
will be discussed in detail in the following section) is another widely used technique to
solve electromagnetic problems. It uses the nite dierence algorithm for solving the
dierential form of Maxwell's equations by discretizing them in both space and time.
The FIT technique is considered as a general form of FDTD except that it is used to
solve the integral form of Maxwell's equations.
The main advantage of eld based techniques is that they can be easily implemented
from Maxwells equations. The problem with these techniques however is that they are
highly volumetric formulations strongly burdened with the discretization of the object
and the surrounding space, and that they need to impose perfect matched layers(PML)
like articial boundary conditions. As a consequence, the precise analysis of extended
three-dimensional (3D) plasmonic systems often exceeds current computational limits.
Besides this, in some practical cases that involve sharp wedges or very small gaps, the
rapid eld variations due to the strong plasmon resonances are also cumbersome to
determine for these eld-based techniques. This can result in numerical dispersions,
thereby aecting the accuracy of calculations.
Another useful method to compute the electromagnetic response of metals is to
use the 2D boundary element method(BEM)[36]. This technique belongs to a class
of method of moments(MoM) techniques. It is based on solving the Green's function
surface integral equations. The basic idea behind BEM is that the nal solution can
be approximated to a partial dierential equation(PDE) by extracting its solution on
the boundary and then using this information to nd the solution inside the domain.
Although not yet widespread in optics, this approach brings important advantages in
the case of homogeneous and piecewise homogeneous penetrable bodies, because these
problems can be formulated in terms of surface integral equations (SIEs) dened over
the material boundary surfaces and interfaces. This avoids the discretization of volumes
and strongly reduces the required number of unknowns, which now scales linearly with
the electrical size of the surfaces. Moreover unlike eld based techniques where entire
domain solution is calculated for a particular problem, BEM can be tailored for specic
use as the solution on the boundary is calculated rst followed by the solution in the
domain, so the number of unknowns can be selected as per requirement.
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Figure 2.1: Classication of dierent methods used for numerical analysis in electro-
magnetics
2.1 FDTD
The FDTD technique has been established as a powerful numerical tool for modelling
electromagnetic problems including those concerned with integrated optics devices. Its
unique features include the ability to model light propagation, scattering reection and
polarization eects apart from incorporating material anisotropy and dispersion. The
original FDTD algorithm was derived in 1966 by Yee[42]. Apart from nanophoton-
ics, FDTD has since been used extensively in various domains such as in modelling
microwave circuits, antennas. The FDTD uses centre-dierence representations of the
continuous partial dierential equations to create iterative numerical models of wave
propagation. The method involves the discretization of the eld variables E, B, D, H
in both space and time and converting the continuous space and time derivatives into
nite dierences in space and time. Spatial discretization occurs in the form of tiny
discrete cubes. Each of these cubes will have six elds 3 each of electric and magnetic
components. The eld in each cube evolves in a way depending on the eld history of
the cube and its surrounding peers. Now in FDTD, a grid point in the solution region
may be dened as[45]:
(i; j; k) = (ix; jy; kz) (2.1)
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Figure 2.2: Positions of eld components in a Yees lattice depicting the FDTD grid
And any function of space and time maybe given as:
F n(i; j; k) = F (i; j; k; nt) (2.2)
Here  = x = y = z is the space increment and t is the step wise time increment,
also i, j, k and n are just integers. The space and time derivates are computed using
the central nite dierence approximation that is second order accurate:
@F n(i; j; k)
@x
=
F n(i+ 1=2; j; k)  F n(i  1=2; j; k)

+O(2) (2.3)
@F n(i; j; k)
@x
=
F n+1=2(i; j; k)  F n 1=2(i; j; k)
t
+O(t2) (2.4)
Now again looking at the dierential form of Maxwells equations:
rH = J + @D
@t
(2.5a)
r E =  @B
@t
(2.5b)
J = Jsource + E (2.5c)
M = Msource +  H (2.5d)
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Where  is the electrical conductivity and J and M are the electrical and magnetic
current densities. Suppose if we take the x component of the magnetic eld from the
above equation, we have:
@Hx
@t
=
1


@Ey
@z
  @Ez
@y
 Mxsource   Hx

(2.6)
On applying the above equation of space derivatives to eq., we have the explicit nite
dierence approximation as:
Hn+1=2x (i; j + 1=2; k + 1=2) = H
n 1=2
x (i; j + 1=2; k + 1=2) +
t
(i; j + 1=2; k + 1=2)
8<:Eny (i; j + 1=2; k + 1)  Eny (i; j + 1=2; k)+Enz (i; j; k + 1=2)  Enz (i; j + 1; k + 1=2) (2.7)
Similarly the other relations can also be derived.
2.1.1 PML
In FDTD, the size of the simulated area is limited by computational resources. It is
required to have an articial truncation condition at the boundary. If we suppose a
wave generated from point source propagating in free space, as it propagates outward,
it will eventually come to the edge of the simulating space, which is determined by the
number of matrices fed in the program. If left like this, unpredictable reections can
be generated, that would go back inward. This way, we cannot determine the real wave
from the unwanted reections. One way to address this issue is by implementing a per-
fectly matched layer (PML) at the boundary of the simulation domain. This technique
was initially developed by Berenger[43]. The fundamental idea of PML technique is to
truncate one of the Maxwellian medium, by means of a non Maxwellian one, which is
perfectly absorbing for all frequencies, polarizations and angles of incidence, and able
to totally attenuate, from a practical point of view, the eld propagated in its inte-
rior, after the propagation of just a few cells. In this technique, an articial layer of
absorbing material(either perfect electrically/magnetically conducting (PEC/PMC)) is
placed around the outer boundary of the computational domain. The goal here is to
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make sure that a plane wave that is incident from FDTD free space to the PML region
at an arbitrary angle is completely absorbed there without reection. The basic idea
is that, if a wave propagating in medium a impinges upon medium b, the amount of
reection is determined by the intrinsic impedances of the two media given by:
  =
a   b
a + b
(2.8)
Which are in turn determined by the dielectric constants and the permeabilities of
the two media:
 =
r


(2.9)
However, this still wouldnt solve the problem since the EM eld would continue prop-
agating in the new medium. What we need is a medium that is also lossy so that the
eld would die out before it hits the boundary. This can be accomplished by making
both  and  complex by choosing appropriate values as the imaginary part would cause
rapid decay causing truncation at the boundary.
2.1.2 Issue of Metals
Up until 1990s, it was not possible to model metals as the FDTD algorithm required the
permitivity and conductivity to be frequency independent constants. Also the negative
permittivity caused a positive feedback in the time iteration of the eld components
causing numerical instability. As metals form a critical component of any plasmon
structure, it is important to include negative permittivity in any model. This problem
was later solved by Lubber's et al [44] who assumed the metal simulated as a vacuum
containing free electrons, i.e. the Drudes model by using the recursive convolution
approach. The movement of electrons is thus factored into the discretization of Maxwells
equations as an extra contribution of the electric eld. Additionaly, Taove[46] proposed
the use of an auxillary dierential equation in which the dielectric function is tted with
a function that obeys KramersKronig relations to be considered in the frequency domain
so as to ensure causality of the FDTD simulation. In the Lumerical software, used in
this work, it is possible to incorporate the model subject to the tting condition of
sampled data of the material dielectric constants.
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2.1.3 Simulation Stability and Accuracy
The choice of cell size as well as time step is extremely important as enough no. of
sampling points must be available in order to make adequate representation of the
design components. As a thumb rule 20 mesh points per wavelength is suggested. To
ensure the stability of the nite dierence scheme, the time increment t must satisfy
the following condition:
umaxt 
s
1
x2
+
1
y2
+
1
z2

(2.10)
Here umax denotes the maximum phase velocity of the model. It is to be however noted
that in the case of metal structures it will be required to have an even ner mesh
owing to a penetration depth small compared to the wavelength, thus leading to large
discretization volumes along with very small grid spacings.
2.2 2D BEM
The fourth chapter of the thesis deals with an extensive study on the design and op-
timisation of optical absorption of an antenna assisted quantum dot photodetector by
applying BEM formulation. The 2D code used in this study was developed by Salim
Boutami of DOPT LETI, inorder to solve for the Maxwell's equation in the presence
of arbitrarily shaped dielectric media having abrupt interfaces. In the perspective of
plasmonics, BEM has been previously applied mostly to compute the scattering EM
eld o particles having spherical, cylindrical shaped geometries[37, 38]. Essentially
this scattering problem is solved by computation of equivalent surface currents on the
boundaries between dierent media in a unit sell.
For this particular study the 2D BEM method of calculation based on the Green's
second integral theorem[38{40] was used. By choosing a 2D geometry, the formula-
tion is further simplied since the 3D vectorial problem is reduced to a 2D scalar one.
The physical system consists of n homogenious penetrable objects, each described by
a frequency dependent dielectric function j(j=1,2,...n). 
j is taken to be the surface
prole of the jth scatterer. which is represented by the continious vector valued func-
tion rj  (; ) in the xz plane where r =
p
(   x)2 + (   z)2 being singular at the
point (; )  
.
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Figure 2.3: The Co-ordinate system for BEM calculation
A linearly polarised monochromatic EM eld of frequency ! is chosen to be im-
pinging on the system at an angle  along the z-axis. For our case the angle  is chosed
to be zero implying normal incidence. Since the focus is on exciting plasmons(along
the metal dielectric boundary), the incident eld is chosen to be p polarised with the
magnetic eld perpendicular to the xz plane. This incident eld in the case of normal
incidence is given by:
H(p;inc)y = exp ( ik0z[1 + w(x)]) exp

  x
2
W 2

(2.11)
where w(x) signies the beam waist. The integral equations for the magnetic eld out-
side the scatterer are obtained from the Green's second integral theorem as:
H(inc)(r) +
1
4
X
j
Z

j

Ho [rj(s)]
@Go [r; rj(s)]
@nj
  Go [r; rj(s)] @H
o(rj)
@nj

ds
8<:= Ho(r) for r outside scatterer= 0 for r inside scatterer (2.12)
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The corresponding equations for eld inside the scatterer are:
  1
4
X
j
Z

j

H i [rj(s)]
@Gi [r; rj(s)]
@nj
 Gi [r; rj(s)] @H
i(rj)
@nj

ds
8<:= 0 for r outside scatterer= H(i)(r) for r inside scatterer (2.13)
Here the symbols H inc; Ho; H i represents incident eld, scattered eld outside me-
dia, and scattered eld inside media respectively. The respective Green's functions
G(o;i)(r; r0) may be dened in terms of Hankel function of the rst kind as:
G(o) = iH10
h!
c
p
(o)jr   r0j
i
(2.14)
G(i) = iH10
h!
c
p
(i)jr   r0j
i
(2.15)
For further simplicity, the source functions Hj(s) and Lj(s) are dened in terms of the
parametric surface prole rj(s). As per the equation of continuity across the interface
of the jth scatterer:
Hj(s) = H(o)(r)jr!r>j (s) = H(i)(r)jr!r<j (s) (2.16)
Lj(s) =

@H(o)(r)
@nj

r!r>j (s)
=
(o)
ij

@H(i)(r)
@nj

r!r<j (s)
(2.17)
The superscripts < (>) signifying the limit of r taken from inside(outside) the scatterer.
Now expanding the above equations 1.16 and 1.18 in terms of the source functions ap-
plying the continuity condition at the interfaces we obtain the following coupled integral
equations:
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H(i)(rl) +
1
4
X
j
Z

j
Hj(s)@G
(o) [rmrj(s)]
@nj
  G(o) [rmrj(s)]Lj(s)ds = Hm(s) (2.18)
  1
4
X
j
Z

j
Hj(s)@G
(i) [rmrj(s)]
@nj

(i)
j
(o)
G(i) [rmrj(s)]Lj(s)ds
= 0 (2.19)
m = 1; 2; :::n
The above integrals are converted into matrix form and evaluated using the Gaussian
quadrature with a varying number of quadrature points. The source functions Hj(t)
and Lj(t) are numerically evaluated from these matrix equations which can then further
be used to nd the near and far-eld amplitudes.
Near eld
The electric eld is expressed in terms of the fourth Maxwell's equation as:
rH =  i!
c
E (2.20)
Once the source functions are determined, the corresponding E eld for the x and z
components may be obtained outside the scatterer using the above relation.
The surface electric eld tangential(E
(p;o)
t ) and normal components(E
(p;o)
n ) is ob-
tained from the source functions as:
E
(p;o)
t (rj(s)) =  
ic
!(o)
Lj(s) (2.21a)
E(p;o)n (rj(s)) =
ic
!(o)
dHj(s)
ds
(2.21b)
where  =
p
(0)2 + (0)2.
The total power absorbed in any domain of interest is calculated from the total EM
2.3 FDTD vs BEM 27
Figure 2.4: Absorption in a particular domain calculated by extracting the outward
Poynting vector
ux across this region by real part of the time averaged Poynting vector:
 !hSi = 1
2
Re (E H) (2.22)
2.3 FDTD vs BEM
Both techniques may provide for highly accurate solutions, and can be applied to ar-
bitrarily complex geometries. Apart from this both methods provide an option for
adaptive meshing.
Since FDTD calculates the eld in the entire domain as part of the solution, it re-
quires paramterization of the volume space. In BEM, only the surface is meshed so the
computation time is correspondingly less. Moreover in BEM, the solution is rst calcu-
lated at the boundaries, and then if required the domain elds are calculated seperately.
On the bright side however, the computation time in FDTD scales linearly with the
mesh( N) FDTD as compared to BEM( N2).
FDTD requires articial truncation at boundaries, and so unknown values may not
be accurately calculated at boundaries. To avoid this, the truncation must be set at far
away points to avoid numerical artifacts. One the other hand BEM doesn not require
any truncation, it calculates exterior points same way as those within the boundary, so
only the geometry of the boundaries need to be considered.
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BEM has an issue that its solutions result in fully populated dense matrices. While
FDTD solutions result in sparse matrices. This problem can be addressed by using
techniques like the fast multipole method[48] which uses a multipole expansion of the
Green's function.
Generally there is no problem while working with dispersive materials in BEM. In
FDTD however, such materials should be approximated by suitable analytical expres-
sions, which can cause signicant problems in bradband calculations. The choice of
using either FDTD or BEM methods depends mostly on the nature of problem. When
dealing with integrated waveguides, eld based techniques like FDTD, are arguably the
best option since here the elds in the entire volume needs to be factored in while esti-
mating the optical response of system. On the contrary, while working with problems
like antenna design, BEM is the more favoured option, since here only the elds in a
particular domain need to be considered.
Chapter 3
Numerical Investigation and
Characterization of MOS Plasmonic
Waveguides
3.1 Introduction
Plasmonic waveguides, given their sub-wavelength features may provide for an ecient
means to channel optical energy in photonic interconnects. In the past, several waveg-
uide geometries have been investigated which include planar (Dionne) as well as channel
based structures. Out of these, the modal characteristics of plasmonic waveguides such
as dielectric loaded SPP (DLSPP)guides[49{53], metal insulator metal (MIM)[55, 56],
metal slot[57{61], metal insulator semiconductor metal(MISM)[62] ande even metal ox-
ide semiconductor(MOS)[63] designs have been described in detail. Among the afore-
mentioned plasmonic designs,the MOS plasmon waveguide is of particular interest as
these structures could be easily fabricated using the mature Si based CMOS technology.
Also, as compared to the gap waveguides, this design has relatively higher propagation
lengths along with a reasonably good mode connement. Moreover, the metals support-
ing plasmon modes can additionally serve as electrodes, making those MOS structures
ideal candidates for transmitting electrical and optical signals in active devices. In this
work we have numerically investigated a CMOS compatible MOS plasmon waveguide.
Coupling problem
In most of the previous works involving plasmonic waveguides the focus was mainly on
studying their modal properties. One critical issue not fully addressed in these works
has been that of coupling to the various modes of a MOS plasmonic waveguide. By
and large, a plasmon waveguide is mostly characterised by its mode connement and
propagation length. In order to better understand the propagation characteristics of
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this structure, a detailed numerical analysis of both the modal as well transmission
properties of plasmonic MOS structures of varied dimensions is required. The primary
focus of this study is to investigate in detail this coupling mechanism when light is
coupled to a MOS waveguide from an SOI photonic guide. The rst part is dedicated to
describing the waveguide geometry that includes sections of the SOI and MOS designs.
The second part will describe in detail the modal and transmission analysis with fully
vectorial FDTD simulations. The nal part will include the experimental results as well
as a discussion on the guiding mechanism of such waveguides as well as their potential
applications in nanoscale optical communication systems.
3.2 Design Layout
A schematic of the device with cross sections of the SOI and MOS guides is shown in
the gure. 3.1. The device consists of an SOI photonic guide resting on either sides of a
MOS plasmonic guide. The input SOI photonic waveguide consists of a Si 220X500 nm
cross section encapsulated by silicon nitride on all sides. The top part of this Si covered
by 60 nm thick oxide followed by 100 nm of nitride. This entire stack is embedded in
oxide layer. The plasmon waveguide consists of a 300 x 800 nm Cu metal deposited
on a 3nm thick nitride barrier [24] to block any diusion. The nitride layer rests on
a 10 nm SiO2 followed by the Si layer. We will denote the width of the plasmon
guide by the width wsi of the silicon guide. We denote the dierent material indexes as
NSi = 3:46 for silicon NSiO2 = 1:44 for oxide NSiN = 2 for nitride, and NCu = 0:2+ 11i
for copper. As Si absorption is negligible in the C band, the SPP mode propagation
loss is primarily determined by the choice of metal. A salient feature in this device is
the incorporation of a low loss Cu[83] for deposition and a thin nitride barrier[84] to
prevent Cu diusion in Si. Although silver has a lower propagation loss at the C band,
it is also a known contaminant in the CMOS process.
3.3 Simulations
The simulations were performed FDTD package from Lumerical Inc. At rst a com-
prehensive mode analysis was performed using the built in mode solver for both SOI
and MOS waveguides. When speaking of the case of nite guides, in reality there are
no pure transverse modes, only hybrid modes exist. So a TE mode will always have
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(a)
(b)
Figure 3.1: (a) cross section of the SOI waveguide and (b) cross section of the MOS
waveguide.
Figure 3.2: Schematic of the device used in FDTD simulation consisting of the MOS
structure in between two SOI guides. Field monitors are placed in the oxide layer and
output interfaces.
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some component of TM and the converse is also true. The SOI guide was found to
have two fundamental modes. A predominantly TM00 mode at 1.92 and a TE00 mode
at 2.52. Since only the TM mode will couple to plasmons, we choose this to be the ex-
citation mode in our transmission analysis. The meshing chosen for the plasmon guide
was adaptive, ie. 1 nm in regions close to the metal interface and is global in the bulk
regions. The MOS waveguide was found to have several modes including a fundamental
SPP mode. Some of these are guided modes and others have a leaky prole.
(a) SOI TM mode (b) SOI TE mode
Figure 3.3: (a) Magnetic eld intensity of fundamental TM mode of SOI guide(Neff =
1:9) and (b) E eld intensity prole of fundamental TE mode(Neff = 2:52) in linear
scales.
(a) E eld (b) H eld
Figure 3.4: The fundamental SPP mode(Neff = 2:49 + 0:0056i) for MOS guide of
wSi =500 nm and thickness 170nm. (a) The electric eld and (b) magnetic eld inten-
sity proles(right). The fundamental mode always exists for any waveguide dimension.
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3.3.1 Transmission analysis
A fully vectorial simulation is now performed to gauge the coupling between the SOI
and MOS guides. The input mode launched in the SOI waveguide(g. 3.2) is a TM00
polarized in the y direction at 1.55 m with a predominant transverse magnetic eld
prole so as to be able to couple to the fundamental SPP mode of the MOS waveguide.
The injected mode source is placed about 2.6 m from the MOS/SOI interface. The
simulation volume was chosen to be big enough to avoid any boundary artifacts. First
of all a convergence test was performed with the output power monitors to see if there
is any transmission variation as a function of monitor position in the output SOI guide.
This is necessary to eliminate any unavoidable contributions from scattered elds close
to the MOS/SOI interface. These results are shown in g. 3.5. The total transmitted
power seems to saturate after a distance of 2 m. For further analysis, the distance
between the output interface and the position of the monitors in the SOI guide will
be xed at 2.6 m. Usually while simulating a device of several microns, which also
Figure 3.5: Convergence study of transmission for eld monitors as a function of dis-
tance from output interface.
includes ne meshing, the computation time is large. One way to reduce this time
is to select symmetric boundary conditions(BC). Since our device is symmetric about
the y-axis and the input TM mode is also launched at the equilibrium position of
this axis, selecting a boundary condition with y-symmetry would halve the region of
computation. From table 3.1, it is clear that choosing a symmetric boundary does not
34
Numerical Investigation and Characterization of MOS Plasmonic
Waveguides
BC Symmetricity(of y) Neff SOI Neff (Spp) Im(Spp) Power(2m) Power(3m)
Symmetric BC 1.9 2.49 0.0057 0.3219 0.3094
No Symmetric BC 1.9 2.49 0.0056 0.324 0.3084
Table 3.1: Comparison of device transmission and mode properties for symmetric and
no symmetric boundary conditions
alter the transmission and modal properties of the device. While no change is observed
in the mode values of either the photonic or fundamental plasmon mode, only a slight
variation of less than 1% is observed in transmission. Therefore for the remaining
analysis, the option of symmetricity will be utilized. The average time required for
a single simulation was observed to be around 7-8 hrs. The power transmission was
plotted as a function of the MOS device length. A 50 nm device sampling was chosen.
These results are summarized in the following gures 3.6
All plots depict two distinct oscillations. The small period oscillations in each case
is roughly 330 nm which indicates that it is the cause of Fabry-Perot eect of the
fundamental SPP mode at the two interfaces. The origin of the big period oscillations
at this point is not clear. A simple linear t of the transmission plot pegs the losses
at 0.22 dB/m which is close to the 0.2 dB loss of the fundamental plasmon mode.
Moreover a slight improvement in transmission is observed when moving from 250 to
500 nm width MOS guides. To further analyse the big period oscillations, the electric
eld is extracted from the monitor placed in the oxide layer. This prole is shown in
the g. 3.7. It is seen that even in this case, a two mode behaviour is observed with
the same periodicity of oscillations as seen in the transmission plots. It might now be
interesting to study the power coupling to various modes of the MOS waveguide which
is described in detail in the next section.
3.3.2 Power coupling analysis
Fundamental SPP mode
While for a single isolated waveguide, the electromagnetic elds may be accurately de-
scribed as a superposition of the orthogonal modes, the modes of the two constituent
waveguides in a coupler conguration do not comprise an orthonormal basis set. There-
fore, the input eld prole  inp of the incoming guide can be expanded into a basis of
eigenmode solutions of the output guide.
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(a) MOS width 250 nm (b) MOS width 350 nm
(c) MOS width 500 nm
Figure 3.6: Device transmission in dB as a function of MOS device length. The small
oscillation corresponds to the Fabry Perot oscillation of the fundamental SPP.
36
Numerical Investigation and Characterization of MOS Plasmonic
Waveguides
Figure 3.7: E eld intensity (linear) in the oxide layer of a MOS guide 500 nm wide.
The eld prole shows a dual contribution which on the onset looks similar to the trans-
mission plot.
Figure 3.8: Power coupled between fundamental Spp mode with photonic mode of SOI
guide as a function of tSi.
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 inp =
X
i
ci i (3.1)
Where Ci is the correlation coecient that denes the overlap integral between the
input eld and the corresponding eigenmodes.
C2i =
j R R  inp ?plasdSj2R R
 inp ?inpdS
R R
 plas ?plasdS
(3.2)
The overlap integral expression has been evaluated in detail in Appendix A. A deeper
analysis of this expression can also be found in [68]. The total power coupled is the
product of the overlap integral with the Fresnles's transmission coecient.
Pcoupl = C
2
i
4nphotnplas
(nphot + nplas)
2 (3.3)
where nphot and nplas are the eective indexes of the incoming mode and the output
eigenmode respectively. Consequently a study was conducted to calculate the power
coupled from the SOI photonic mode to the fundamental TM00 SPP mode as a function
of the MOS Si thickness from the etch. A simulation was rst performed by choosing
a particular eigenmode and then extracting its corresponding elds. These results are
plotted in g. 3.8. The coupled power depends the overlap integral which is a function
of the eld displacement between the input and output guides. At lower MOS thickness,
the SPP mode is not only more deconned due to a lower Si layer thickness, but also has
a less overlap with the input photonic mode. As the Si layer is increased, the SPP mode
becomes more conned and its overlap also increases with the photonic mode. There is
an observed increment of the coupled power to the fundamental mode which peaks at
75 % at 280 nm and then starts to decrease. The subsequent decrease can be explained
due to the eld overlap mismatch between the input and output guides. Interestingly,
no signicant dependence of the coupled power to the TM00 mode is observed as a
function of MOS Si width.
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Edge modes
Apart from the fundamental SPP mode, the MOS guides also support some edge modes
and leaky modes. Since in our MOS design these edge modes are close to the cladding
index, they may be classied as having quasi-leaky behavior. The MOS waveguide
supports two such modes that we choose to designate as Ne1 (Neff=1.42+4.5e-4i) and
Ne2 (Neff=1.55+1.44e-3i) both depicted in g. 3.9. The power coupled these modes as
calculated from the above relations is shown in table 3.2. There appears to be some
coupling to mode Ne1 at about 5% which does not signicantly change with MOS width.
It may be pointed out that the study of leaky modes that exist well below the oxide
cladding index has been excluded as given the divergent nature of such modes, they are
not easily derived using the built in mode solver. A further issue is that, the overlap
integral formulation would not be a valid approximation in this region and so power
coupling to these modes would be dicult to ascertain. One way to check if the
Si width in
MOS (nm)
Power coupling
Ne1=1.42 Ne2=1.55
250 0.0425 0.0019
350 0.0534 0.00124
500 0.0594 0.0009
Table 3.2: Power coupling to edge modes as a function of MOS width.
above observed edge modes are responsible for the big period oscillations is to carry
out a simulation where the metal has been pushed into the PML boundary laterally (as
shown in g. 3.10(a) as well as in the direction of propagation. In doing so the edge
modes will no longer be supported by the MOS guide. The result of this simulation is
shown in g. 3.10(b). As expected the Fabry-Perot oscillations are no longer observed.
However the other oscillatory eect still persists albeit with the same periodicity as
observed in the transmission analysis despite the fact that the MOS guide in this case
supports only a single mode. It would be interesting to compare this eect with that
observed in the case of higher order TM modes as shown in the next section.
3.3.3 MMI eect in MOS
The multimode interference (MMI) phenomenon has already been known to occur in
both in the case of photonic[64{67] as well as recently in plasmonic waveguides[69{74].
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(a) H eld (b) E eld
(c) H eld (d) E eld
Figure 3.9: Field proles of the quasi leaky edge modes,(a)-(b) for Ne1 and (c)-(d) for
Ne2.
(a) MOS layout (b) Extracted eld
Figure 3.10: (a) Cross sectional view of the MOS guide with metal extended into PML.
(b) E intensity prole in the oxide layer of the MOS guide. The big period oscillations
are still observed.
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Figure 3.11: Variation of eective index of higher order modes with MOS width.
In these studies a multimode interference is observed due to beating between two lowest
order modes supported by the plasmon guide. In our case however, the limited width
of plasmon guide do not permit the occurrence of any higher order modes. Fig. 3.11
clearly shows that the rst of the higher order modes(TM01), starts to appear only
beginning at a waveguide width of 500 nm. The extracted eld patterns as shown in
gures 3.12 with dierent MOS widths, seem to indicate a complicated oscillatory
feature between 600-1000 nm. This is also the region where higher order modes start
to appear in the MOS guide. At higher MOS widths, MMI eect due to self imaging
begins to take precedence and dominates the transmission. This dual behavior of the
MOS guide at dierent regions would point out to the contribution of leaky modes with
a lower than cladding eective index at lower widths. Interference between guided and
leaky modes is not uncommon and has been reported before[75{77].
Self Imaging
Self imaging occurs when an input eld is reproduced in single or multiple images at
periodic intervals along the direction of propagation. Self imaging is akin to a similar
general phenomenon known to exist in near eld optics called the Talbot eect [78,79],
whereby due to a superposition of modes, the eld repeats itself after a distance called
the Talbot length. This eect can exist in both free space as well as waveguides. In
3.3 Simulations 41
(a)
(b)
Figure 3.12: Extracted E intensities at dierent MOS widths at thickness 170 nm for
(a) 0.6-0.9m and (b) 1-1.5m. MMI eect starts to become more prominent at widths
greater than 1 m.
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the case of free space, Talbot distance z occurs in multiples of 2g
2

where g is the
grating period. Many applications have been suggested using this eect, such as in
interfereometry[80,81] and temporal ltering[82]. Essentially the eld prole of an input
wave travelling in a guide at a certain distance L can be written as a superposition of
all guided elds:
	(L) =
m 1X
i=0
ci iexp

j
i(i+ 2)
3L
L

(3.4)
Where L is the beating length between the two lowest order modes L =
1
n0 n1 . The
condition for self imaging exists when the exponential term is either 1 or ( 1i). The rst
condition means that a single image is in 2 phase with its input eld while the seond
condition means that  phase mirrored image is formed. Some of the higher order TM
(a) TM00 (b) TM01
(c) TM02 (d) TM03
Figure 3.13: The E eld intensity proles of dierent higher order modes supported by
a MOS of 1200 nm width.
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Width N0 N1 Lself Lself
(MOS) (TM00) (TM01) =
3
8

N0 N1 simulation
1200 2.65 2.48 3.42 3.6
1300 2.66 2.515 4 4
1500 2.67 2.55 4.84 4.8
Table 3.3: The position of rst self imaging length from expression and simulations for
the case of restricted MMI eect. At higher widths, there is a convergence between the
analytical and simulated values.
mode prole supported by a 1200 nm width MOS guide are depicted in g. 3.13. All
of the modes show a similar eld distribution with most of the electromagnetic energy
being conned in the oxide layer. The self imaging distance for an N fold image is
generally given by the relation :
Lself =
p
N
3L (3.5)
Where p denotes the periodicity of imaging. Accordingly a single image of the input eld
is formed at a distance Lself=p(3L). Since in this case the launch of the input eld is
symmetric, only even order modes are launched along the waveguide. This corresponds
to the restricted multimode interference. The self imaging distance is much shorter:
An N fold image for this condition occurs at:
Lself =
p
N
3L
4
p = 0 ; 1 ; 2 ::: (3.6)
Which means the rst single image will occur at 3L/4. Table 3.3 gives a comparison
between the calculated analytical and simulation values of the self imaging distance of
the MOS device. It is observed that as the MOS width increases, there is a convergence
between the two values. Multimode interference based passive components like beam
splitters, routers of photonic structures are are routinely made use of in integrated
device applications. The self imaging nature of MOS plasmonic guides can be exploited
to develop passive elements like compact 3 dB couplers, routers. Typical photonic
elements of such components are several tens of microns wide and hundreds of microns
long. With plasmon based components, these features can be brought down to only a
few microns size.
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Figure 3.14: Schematic showing dierent steps involved in device fabrication for
SOI(top) and MOS(bottom).
3.4 Experimental Characterization
3.4.1 Device Fabrication
The MOS plasmonic waveguide fabrication was done on a 8 inches silicon-on-insulator
(SOI) platform. The seed wafer consisted of a 220 nm layer of Si on a 120 nm buried
oxide (BOX). Firstly, in order to couple to the fundamental TM mode of the Si pho-
tonic waveguide, the coupler gratings of of 950 nm period, 70 nm depth and 50 duty
cycle were dry etched into the top silicon layer. The channel silicon waveguides were
fabricated by photolithography and etching down to the silicon substrate. Planar en-
capsulation of this layer was performed with a conformal 60 nm thick Si3N4 layer
and TEOS(tetraethyl orthosilicate) oxide followed by chemical mechanical planariza-
tion step.
Fabrication of the MOS plasmonic waveguide is done by the damascene technique.
Initially the silicon wafer was deposited with a 800 nm thermal oxide layer. A cavity
was then drilled into this oxide layer followed by dry and wet etching steps. After etch-
ing down to a 10 nm thick oxide layer, a thin stoichiometric Si3N4 layer was deposited
atop thix oxide. Subsequently the Cu layer was then deposited atop this nitride layer
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Figure 3.15: The experimental setup used for optical characterization. SMF and MMF
are single and multimode bers respectively.
by plasma vapour deposition and electrochemical deposition before being polished by
chemical mechanical polishing. This step is then followed by encapsulating the MOS
region into nitride and oxide deposition. The wafer was then directly bonded to a 2
m carrier wafer and the Si substrate of the initial wafer was removed by mechanical
grinding and chemical etching. Further details on the device fabrication procedure are
available in [84].
3.4.2 Transmission Measurements
Optical characterization to gauge the transmission through a MOS coupled SOI waveg-
uide was performed using a ber laser source of 1.55 m. The output of this laser
source fed to a monomode ber was coupled to the TM photonic mode of the SOI
guide through grating couplers. The monomode ber was xed with an optical axis
of 10 deg with respect to that of wafer. The output transmission was retrieved by a
multimode ber which was positioned at the output grating using a ANDO AQ2140
optical multimeter. The device measurements were carried out automatically using a
KARL SUSS automatic wafer probe station. The output data was normalised to the
reference data of a wholly SOI guide that was placed at the beginning of each cluster
of 34 MOS waveguides. The MOS guide length is varied between 1 and 7 m with step
sizes of 150 nm. The advantage of having a wafer scale testing with a large number of
devices is that the measurements can be done with a huge sampling which is useful for
a statistical analysis of the fabricated device parameters. In this case, for each device
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Figure 3.16: The transmission results of similar devices of varied lengths tted expo-
nentially[84].
that was tested, there were 18 identical devices of similar dimensions spread among
several dyes.
3.4.3 Results and discussion
The results of transmission are plotted in g. 3.16. An experimental t gives, plasmon
propagation loss of around 0.4 db/m, which is considerably higher than those observed
in simulations. One cause of this is that the ellipsometric values of the Cu index used in
the device were later conrmed to be 0.3+11i. Another cause of the higher propagation
losses may be attributed to device fabrication imperfections. Given the higher losses,
and the considerable spread of transmission data, it is dicult to ascertain if there
is an associated oscillatory feature like the one observed in simulations. In another
work however, we have experimentally[85] shown that at certain optimized lengths of
MOS waveguides, the coupling between an SOI guide and a MISM waveguide can be
considerably improved. The experimental evidence from this work does show traces of
complex oscillatory features like the one observed in simulations Further experimental
investigation would however be required to shed more light on the impact of leaky
modes in plasmonic guides.
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3.5 Conclusion
The chapter has largely focused on a numerical analysis of the transmission and modal
characteristics of a MOS plasmonic waveguide. Although mode overlap studies points
to coupling predominantly to the fundamental plasmon mode, transmission results as
well as eld proles from simulations show an oscillatory behavior. These oscillations
seem to be possibly be the cause of some non-negligible coupling to leaky modes. It
must be pointed out however that due to the large computation time required, multiple
wavelength dispersion analysis could not be carried out which would have given some
useful insights into the transmission results.
Some experimental characterization of MOS plasmon guides fabricated on a wafer was
also performed, At the outset, given the low sampling of the device length, the high
spread of transmission data among devices of dierent dyes, and the higher propagation
losses it seems dicult to separate any oscillatory features from the output.
Numerical studies show that MOS propagation at higher widths is characterized by
the multimode interference due to self imaging eect of higher order plasmon modes.
The self imaging feature of MOS waveguides can be used to design passive plasmonic
elements like WDM, routers, splitters, beam combiners of much smaller footprints than
photonic devices.
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Chapter 4
Modeling of Plasmon assisted Ge
EA Modulators
In this chapter, we theoretically analyse the possibility of developing a plasmon assisted
high speed Ge on Si electroabsorption(EA) modulator based on the Franz Keldysh
eect. Numerical results encompassing the device design for both optical and electrical
operation are presented to assess the critical parameters for device performance.
4.1 Introduction
The integration of optoelectronic circuits via Si based CMOS technology has been the
central focus of both industry and academia for quite some time. Given the vast scale
of infrastructure that already exists in the fabrication of integrated electronic circuitry
on CMOS platforms, it has become necessary to design active photonic devices like
sources, modulators and photodetectors that can exploit these facilities. Unfortunately
however, most of the best performing photonic materials for these devices are almost
exclusively III-V based compounds[86{91]. Inspite of this, III Vs have yet not emerged
as the preferred choice for large scale integration of nanophotonic circuits due to the
inherent complexities of integrating them into existing platforms of microelectronics.
The fundamental challenge thus lies in nding materials that are compatible with the
CMOS environment as well as developing devices that fulll the stringent requirements
of low footprint and high speed data transfer. A brief overview of free carrier induced
index change and FK based EA eect in Ge are discussed below.
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4.2 Modulation mechanisms in semiconductors
4.2.1 Free carrier index change
In a semiconductor, the two main potential sources of absorption are the interband
absorption and the free carrier plasma dispersion(FCPD). The former occurs when
photons with an energy greater than the band gap are absorbed, which then excite
the electrons in valence band into the conduction band. Since band gap of Si lies at
1.12 eV corresponding to a wavelength of 1.1 m, this eect would not be present for
wavelengths near the C band.
The other primary source of light absorption in semiconductors might be through free
carrier absorption. This type of absorption occurs mainly for frequencies below the in-
terband absorption edge. The change in the free carrier density of Si will aect both the
real and imaginary part of the refractive indices. These free carriers may be generated
either by optical or electrical switching. The absorption change in Si may be described
by the well-known Drude-Lorentz equation [92]
 =
e320
42c30n
 
Ne
e (m?ce)
2 +
Nh
h (m?ch)
2
!
(4.1)
where e denotes the electronic charge. e and h are the electron and hole electron
mobilities. m?ce and m
?
ch are the eective masses for electrons and holes. Ne and Nh are
the free electron and hole concentrations respectively. The carrier concentration also
aects the change in refractive index n given by:
n =
e220
82c30n

Ne
mce
+
Nh
mch

(4.2)
Soref and Lorenzo[93,94] had evaluated the data for values of N in the range of 108 to
1020cm 3 for both change in absorption  and refractive index n using the Lorentz
relation, particularly for the communication wavelengths 1.3 m and 1.55 m. However
their results were found to be in good agreement only for electrons. For holes a (N)0:8
dependence was observed. They derived the following expressions which is now most
widely used for estimating index change due to free carrier absorption in Si:
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At 0 = 1:55m
n = ne +nh =  

8:8 10 22Ne + 8:5 10 18 (Nh)0:8

 = ne +nh = 8:5 10 22Ne + 6 10 18 (Nh)0:8 (4.3)
And at 0 = 1:3m
n = ne +nh =  

6:2 10 22Ne + 6 10 18 (Nh)0:8

 = ne +nh = 6 10 22Ne + 4 1018 (Nh)0:8 (4.4)
4.2.2 Franz Keldysh eect in Ge
This is an electroabsorption eect known to occur in bulk semiconductors when they
are under the eect of an external electric eld. It was rst independently observed
by Franz[95] and Keldysh[96]. At the band edges, the electron and hole functions are
oscillatory. However, on applying a bias, these wavefunctions are transformed into
airy functions. In order to better illustrate this phenomenon, (see g. 4.1) consider a
semiconductor with a direct gap g, at the classical turning points A and B, the wave-
functions are oscillatory i.e  = uikx. On applying a eld, the evanescent tails of these
wavefunctions extend into the bandgap, ie. they become airy functions within the gap.
This results in a certain probability of electrons tunneling into the bandgap. When
there is no photon present, the electron has to tunnel through a barrier of height g
and thickness d = g
qE
. When a photon of energy less than the bandgap is present, the
tunneling barrier thickness is further reduced to d = g h!
qE
. This results in an increase
in overlap of the wavefnction tails and the valence electrons which further assists the
valence electron in tunneling through the bandgap. The relation between the absorp-
tion coecient and electric eld is given as[97]:
 = K (E 0)
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52 Modeling of Plasmon assisted Ge EA Modulators
Figure 4.1: Schematic representation of the Franz Keldysh eect, left(without eld) and
right(with eld).
K here is a material dependent parameter. The FK eect has been previously investi-
gated in bulk Ge for low elds near the bandedge[98, 99] where near the direct edge of
Ge, the absorption coecient is found to have increased abrubtly from 102 to 104cm 1
. The achievable absorption contrast ratio = usually due to the FK eect has typ-
ically being found to be averaged around 3[103{105]. In some cases values as high as 4
have been reported[106].
Eect of Tensile Strained Ge on Si
Ge is sometimes viewed as a quasi-direct gap material due to its unique band-structure.
It has a direct gap at the   valley at 0.8 meV and an indirect gap at the  L valley at
0.66 meV(g. 4.2). This dierence between the two gaps can be further reduced by
introducing a biaxial tensile strain. It has been recently reported that with a 0.2%
tensile strain, the direct gap is reduced by 0.03 meV [100, 101] which red shifts the
absorption range of Ge on Si materials from C band ie. 1550-1560 nm to L band(1560-
1630nm). The origin of this tensile strain can be explained by the dierence in thermal
expansion coecients. Due to a 4% lattice mismatch, compressive strain is absent
during the initial stages of growth on Ge on Si. However on decreasing the temperature
from growth annealing conditions to that of room temperature, a strain builds up due to
dierence in thermal coecients of Ge and Si. As Ge has a larger expansion coecient,
the decrease of Ge lattice constant is suppressed by the thick Si substrate during cooling.
This hitherto results in tensile strain. In Leti we have measured the optical absorption
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Figure 4.2: Schematic of band gap of (a) bulk Ge and (b)strained Ge on Si. There is
a 136 meV dierence between direct   and indirect  L valleys. This dierence between
the two gaps can be reduced by introducing tensile strain(adopted from [102])
of both bulk and epitaxial Ge on Si. This data is presented in g. 4.3 The plot indeed
shows a noticible shift in the absorption edge for epitaxial Ge.
Since a detailed analysis of FK phenomenon in Ge and the eect that strain has on
it is beyond the scope of this work, we shall hereby focus on the eects that this strain
has on the optical properties of Ge and its relevance to photonic devices.
4.3 Modulator Overview
An optical modulator is a critical component of any integrated photonic circuit. It is a
device that induces a change in the optical eld due to an applied signal that is typi-
cally an electrical one. This change in the optical eld is usually facilitated by a change
in the refractive index of the material. In silicon the most widely accepted means of
inducing a refractive index change is through the free carrier plasma dispersion, as dis-
cussed above. Apart from this other electro-optic mechanisms such as Kerr eect may
also be possible although they are not so strong as the former. Thermo-optic eect
which is based on thermal processes may also provide a potential mechanism for mod-
ulation although it is quite slow and can be used only upto 1MHz frequencies[107]. In
FCPD, essentially a change in the free carrier density induces a change in the refractive
index. FCPD based Si electro-optic modulators have been extensively researched in
past. The earliest of these designs were based on a cross switched p-i-n diode in which
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Figure 4.3: The wavelength dependent optical absorption of bulk Ge as well as Ge on
dierent Si substrate thicknesses(characterization data from LETI). At 1550 nm the
losses are 300 cm 1. There seems to be a noticible red-shift in the absorption adge for
strained Ge on Si.
active switching is achieved by carrier injection from a forward biased p+/n junction
into the intersection of two crossing waveguides. Since the FCPD eect is relatively
weak, this design turned out to be of several mm long and thus considered to big
for chip level integration[108{111]. Later designs involved the use of a Mach Zehnder
interferometer(MZI)[114{117] based structure in which light in one of the two arms was
phase shifted by applying a bias and the arm length adjusted to cause constructive or
destructive interference at O or On states. The MZI design signicantly reduced the
device footprint, but were still several hundred microns long. In addition to that the
earliest of these designs incorporated a large rib waveguide as the intrinsic region of the
p-i-n layer, a result of which was the low modulation speed typically of 20 MHz due
to the large free carrier recombination time in the waveguide. In subsequent designs,
the width of the intrinsic ridge layer was considerably reduced[112], thereby allowing
high speed operation. Metal oxide semiconductor(MOS) based designs have also been
investigated in order to achieve high speed operation. In [124], Liu et al demonstrated
1 Gb/s speed with a MOS structure using a MZI which was the rst work to show
high speed modulation. However owing to the weak dependence of the silicon refractive
index change on the free carrier accumulation region due to the low overlap between
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Figure 4.4: Schematic of a MZI modulator where one of the arms is phase shifted on
applying a bias(from [117]). MMI splitters are used to couple light to the reference and
phase shifting arms.
this region and the optical guided mode, these modulators also tended to be of mm sizes.
In order to reduce the eective device length, several solutions for incorporating a
resonator such as a 1D FP cavity[118{120] and micro-ring resonators[121, 122] were
proposed with the active region being of only sub micron dimensions. The advantage
of using ring resonators is that a small change in the index of refraction is sucient for
completely detuning the resonant frequency, thus leading to a large modulation depth.
These designs however come with a trade o of having an extremely narrow linewidth
of operation of the order of 1 nm. Such a narrow bandwidth is extremely sensitive to
bias and temperate variations, as well as very small fabrication imperfections.
With regard to the dilemma of nding a suitable material that can conform with the
existing CMOS technology for photonic devices, Germanium could be an interesting
candidate. Ge has been a known entity in the microelectronics industry ever since its
beginning. In fact the rst of transistors developed were modeled on Ge. The reasons
for this was the ease of purifying Ge and its 3 times higher electron mobility as com-
pared to Si. However Si eventually won the dual since Ge being of a lower band gap
had a lower temperature tolerance and in addition there was no material that could
provide diusion masking like silicon dioxide. However the direct bandgap of Ge (E
= 0.8 eV) corresponds to the optical communication wavelength 1.55m which makes
it a suitable candidate for developing active photonic devices. Just as observed in the
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Figure 4.5: Top view cross section of an SOI ring modulator (from [121]).
case of III V materials, the direct gap absorption in Ge can be modied by applying an
external electric eld which is also known as the electroabsorption(EA) eect. The two
dominant mechanisms in semiconductors for inducing the EA eect are Quantum con-
ned Stark eect(QCSE) and Franz Keldysh(FK) eects. Both are electro-absorbtion
eects i.e they induce a change in the optical absorption of the material. While the
former occurs in quantum well structures, the latter is largely present in bulk materi-
als. Electroabsorption due to QCSE in Ge has been demonstrated in the past[125{129].
Although typically QCSE is stronger than FK eect due to quantum connement, con-
sidering that it is much easier to grow epitaxial Ge on Si than multiple Ge quantum
wells on the same with CMOS process, FK eect would be the preferred choice of induc-
ing electroabsorption for waveguide integrated modulators. The rst conclusive study
of inducing FK based electroabsorbtion was rst done by MIT in 2007 [130] using a
GeSi active layer consisting of a 30 m heterojunction p-i-n diode butt coupled to a Si
waveguide. Electro absorption is induced when an electric eld is applied to GeSi under
a reverse bias condition. The design also incorporates a GeSi photodetector. Since then
many variants of this device have been demonstrated by dierent groups albeit with
improved performance with speeds of upto 28 Gb/s being reported[131]. Some of this
work is summarized in table 4.1.
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Modulators year Size Extinc- Speed Energy Spectrum
Principle (m) tion(dB) (dB/s) (fJ/bit) nm
Si ring
p-i-n 2005 12 15 12.5 300 1
injection[121]
IBM-MZI
injection 2007 200 10 10 50 -
p-i-n[115]
Intel MZI
reverse bias 2007 3000 3 20 28000 32
pn junction[117]
MIT
GeSi 2007 30 10 1.2 50 14
FK-EA[130]
Oracle
ring carrier 2011 7.5 5 25 7 1
depletion pn[122]
Kotura
GeSi 2012 55 6 28 60 35
FK-EA[131]
Table 4.1: Recent work on high speed integrated optical modulators.
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4.3.1 Designs based on the FCPD eect in Si
MZI Phase Change Modulators
The free-carrier index property of Si can be used to drive a Mach-Zachnder interferome-
ter based phase change modulator. In this device, changing the refractive index change
in one or both the arms induces a phase change giving rise to either constructive or
destructive interference. The induced phase change is given by:
 =
2nL
0
(4.9)
Where L is the active arm length. Then using equation 1.3, for a device with uniform
carrier concentration of 2:21017, at a forward bias of 0.9V[94], would result in a index
change of  8:8  10 4. Subsequently, the length required to induce a  radian phase
shift would be:
L =
0
2n
= 934m (4.10)
Even, though improving doping density can improve the phase change per unit length,
it would still be in the range of several hundred microns and thus there is a need for
even more integrated modulating schemes.
Si Ring Modulator
As an alternative to MZI designs, compact devices with high modulation can also
be developed by making use of ring resonators. At the resonance wavelength, the
resonator is able to trap light within its cavity by increasing its optical path length due
to constructive interference. The cavity photon lifetime in the resonator is given by:
 = Q
2c
, where Q = 

is the quality factor and  is the 3dB bandwidth at resonance.
Typically the lifetime is the range of a few picoseconds which ensures fast modulation
by the resonator. At all other wavelengths, the light interferes destructively within the
cavity and is not transmitted. The transmission T is given by [112]:
T =
Tmax
1 +
 
4nL

2
sin2
 
2

nL
 (4.11)
Where L is the total optical path traversed in the cavity. These waveguided resonators
need to be only a few microns in diameters. For an index change of 10 3, the resonance
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wavelength can be detuned by 1 nm which is enough to ensure 100% modulation.
The main disadvantage of these modulators is the extremely narrow bandwidth of
operation and sensitivity to temperature and fabrication inaccuracies. The problem
of temperature sensitivity can be minimized by creating strain between Si and oxide
layers to compensate for temperature induced index variation[113].
4.3.2 Plasmon optical modulators
Compared to guided photonic modes, plasmon modes have a highly conned mode
volume and are thus promising candidates for implementing hybrid photonic-electronic
devices such as modulators. Plasmonic devices with compact features would have a
reduced footprint and hence reduce power dissipation. The energy per bit for plas-
mon modulators could be reduced by atleast a full order of magnitude compared with
the best performing photonic ring modulators[18]. Several proposals on plasmon based
modulators have already been designed and demonstrated such as all optical modulators
using CdSe quantum dots where employing a pump beam (at 515 nm) changes the op-
tical properties of the dot (at 1415 nm), thermo-plasmonic modulators[132,133] which
although display good thermally induced index modulation, however are greatly lim-
ited by their speed performance and electro-plasmonic modulators such as those based
on ITO[134, 135], carrier accumulation in Si like PlasMOStor[136, 137], which due to
their compatibility with CMOS integration and low device footprint are particularly
interesting for this work. Some of these examples are briey described below.
EA modulator based on transparent conducting oxides
This device consists of a MOS waveguide with an ultrathin active layer of indium
tin oxide(ITO) incorporated in the insulator between the Si and metal. The ITO
layer is highly doped depending on the oxygen vacancy and interstitial metal dopant
concentrations. Furthermore, since this low index active layer is incorporated in the
oxide gate stack, the coupling eciency to the input photonic mode will be high. On
applying a bias, the ITO carrier layer transforms from a near dielectric to quasi-metallic
due to a change in its carrier density which in turn leads to a change in the complex
eective index of the fundamental plasmon mode. The device was shown to have a high
modulation depth of about 1 dB/m and a low insertion loss of 0.2 dB/m along with
a large wavelength of operation of 1.2-2.2/m. A schematic of the device is shown in
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(a) (b)
Figure 4.6: (a) A schematic of operation of the ITO based plasmonic modulator and
(b) MOS cross section (from[134]).
g. 4.6. A critical drawback of this kind of device however is that the ITO material in
itself is a known contaminant in CMOS foundaries, which can introduce defects in the
fabrication process thereby inhibiting device performance.
CMOS integrated PlasMOStor
Another design also based on a MOS type design is the PlasMOStor which was rst
designed and conceived by CALTECH. This device works on the principal of intermodal
interference. The MOS structure with a back metal supports two modes- a plasmonic
mode and a photonic mode and is tailored to have a destructive interference during a
normal passice state operation. In the active state a bias induced accumulation layer
builds up close to the oxide layer which causes free carrier index change in the photonic
mode leading to its cuto, thereby leaving only the plasmonic mode to propagate in
the device.
The concept was chosen to be adapted and developed by LETI platform for CMOS
integration (see g. 4.7) using its matured microelectronics know how in collaboration
with the Atwater group at CALTECH. The electro-optical performance of the device
for a butt coupled integrated conguration was however found to be very contrasting
to the one observed [136] in the experimental stage using slits. The modulation depth
was found to be 1.510 3dB/m with losses of about 2.6 dB/m. This is because
the power coupling to the photonic mode at cuto was negligible compared to the
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Figure 4.7: Schematic of a CMOS integrated PlasMOStor developed by LETI
(from[138]).
fundamental SPP mode thus rendering a largely single mode operation. Although the
compact features along with low power consumption (max. 120 fJ) of the device are
highly desirable, the low modulation depth and higher optical losses(ostensibly due to
the optical eect of the electrical contact TiN layer at the back metal )currently make
device level implementation unsuitable.
4.4 Plasmon Assisted Ge on Si FK Modulator
In the following work, we propose a plasmon assisted modulator that is based on the
Franz Keldysh eect in Ge eect described that was discussed in the pervious sections.
Among the various plasmon guide geometries, we particularly focus on the metal slot
waveguide, as in this structure, the plasmon mode is tighly conned in the slot region
where depending on the gap size, there is minimal eld penetration outside the physical
waveguide region[139, 140]. The modal properties of such slot waveguides have been
analyzed to a certain extent in the past, although not much has been done to investigate
the possibility of lling this slot region with an active material.
From the fabrication point of view, bringing the metal close to the semiconductor
region leads to certain amount of diusion which requires the use of a barrier or con-
tact material in between the metal and semiconductor. Most of the barriers like SiN ,
Al2O3 are low index materials compared to semiconductors. Since plasmons power is
mostly conned at the metal dielectric interface, this might lead to less optical power
traversing the semiconductor active region. Conversely most electrical contact mate-
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Figure 4.8: The metal slot geometry with TiN as electrical contact. The thin dark blue
lms indicate the points of applying bias.
rials which also act as barriers, tend to be optically lossy. Any design would have to
address these contraints.
An ideal modulator should exhibit single mode operation, high extinction ratio, be
of small device footprint and have minimal insertion losses. Even though plasmons
are inherently lossy in nature, it is still possible to minimise these losses by appro-
priately tuning the device dimensions. To that respect a certain tradeo could have
to be achieved between connement and optical losses. In order to do this, several
parameters related to the structure will be investigated with regard to their eect on
the eective mode absorption. In this study, we analyse the switching characteristics
of such a waveguide by incorporating an active medium in the slot region. At each
stage of analysis, we will take into account electrical performance and the limitations
of device fabrications in a CMOS environment.
4.4.1 Design Considerations
For this study, we analyse two potential metal slot waveguide geometries that may be
interesting for plasmon assisted optical modulation. The rst one is the metal slot
conguration (g. 4.8).
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Figure 4.9: Transverse magnetic eld prole of the fundamental plasmon mode for the
slot waveguide with 2 TiN contacts of 5 nm thickness. This structure would exhibit
optical losses of 14 dB/m.
Metal slot waveguide with 2 contacts
In this design there are two Cu metal slots(each connected to a doped Ge layer through
the TiN contact) with the Ge intrinsic layer in the middle. The 5 nm layer of TiN acts
as the electrical contact. On applying a bias, static E eld is introduced in the intrinsic
Ge region, which then exhibits the Franz Keldysh eect.
Despite the high connement of plasmons in this structure, the one main drawback of
using this design is that it would be highly lossy, as shown in g. 4.9 due to the presence
of TiN layers. TiN by virtue of its optical index is highly lossy in nature. Moreover the
plasmon mode will be mostly concentrated in the region around the TiN and doped
interface, where the FK eect will be minimum. Since most of the electrical contacts
used in the CMOS foundary as lossy, it would be necessary to nd other means of
applying bias, while at the same time retaining the two metal wings for better optical
connement.
Metal slot waveguide with no contacts
Keeping these considerations in mind, we invesitgate another potential geometry which
we call the submarine conguration(g. 4.10). In this structure the role of the two
metal wings is limited to guiding and conning light, while there is another Cu gate
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Figure 4.10: The submarine geometry. In this case the metal slots act as an optical
guide, while a Cu layer is deposited on top to serve as an electrical contact.
metal deposited over the Ge region for the purpose of inducing the external applied E
eld. Contrary to the above case, a thin layer of SiN would be deposited on the metal
slot guides, to prevent diusion of Si into Ge, while the 5 nm TiN lm would be instead
deposited on the top Cu gate metal to make electrical contacts. The other contact
would be deposited far o on the extreme end of the p+ Si inorder to minimise optical
losses. The proposed design is therefore compatible with a realiable fabrication in a
CMOS environment. In the following we detailed the optical analysis and give some
piece of information on the electrical behavior of such a structure. On applying a bias,
I will check if the E eld will be induced in the Ge intrinsic region. I will also optimize
the overlap between the device active region and optical mode, ie maximize the optical
elds in the Ge intrinsic region by tuning the geometry of the device.
4.4.2 FEM Simulations
The mode properties of the above slot waveguide structure is studied using the nite
element method(FEM) modeling package of Rsoft Inc. The optical index constants of
the materials used for the simulation are as follows. Si = 3.46, Cu = 0.2+11i, SiN=2,
SiO2 = 1.44. Ge (passive state) = 4.24+0.00386, Ge (active state) = 4.24+ 0.01544i.
The active state losses for Ge is taken to be 4 times that of passive state corresponding
to maximum FK eect which is also consistent with the data found mostly in literature.
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The wavelength of operation is taken to be 1.62 m to account for band gap shift due to
strain. The meshing is chosen to be 1 nm for the edges and 10 nm in the bulk regions.
For purposes of simplicity, the FK eect is assumed to occur in the entire Ge region,
although this would not be the case in the actual device since it would aect only the
Ge intrinsic region. The passive state losses in dB/m are calculated as:
Loss = 10log10

exp
 4 Im(Neff ) 


(4.12)
And the modulation depth in dB/m as:
MD = 10log10

exp
 4 Im(NPass) 


 10log10

exp
 4 Im(NAct) 


(4.13)
where NPass and Nact are the eective mode indices in passive and active states respec.
Choice of Optical Mode
A mode analysis of this device in passive state is performed, which(g. 4.11). The
analysis reveals two distinct fundamental plasmon modes, that are orthogonal to each
other. For the rest of the chapter we designate the two modes as BH and BV corre-
sponding to the dominant magnetic elds components in the x and y axes respectively.
Either of these modes can be excited depending on the polarization state of the in-
put SOI photonic guide. It is seen that the eective of the BH mode is 4.81+0.5326i
corresponding to a loss of 18 dB/m. The index of the BV mode is 3.71+0.068i cor-
responding to a loss of 2.2 dB/m. Since the entire device would be encapsulated in
oxide, we dene the top oxide layer as the distance between the Cu metal wings and
the upper TiN contact, while the bottom oxide layer is dened as the distance of the
same with regard to the p+Si layer. To begin with, we rst vary the top and bottom
oxide layers and track the passive state losses and modulation depth of the both the
BH and BV modes. The Cu and intrinsic Ge layer thickness is xed at 150 nm with
the width of Ge layer being 100nm. Fig. 4.12(a) and g. 4.12(b) shows the variation of
passive state optical losses of BH mode and BV as a function of top and bottom oxide
layers in dB/m. While g. 4.12(c) and g. 4.12(d) reveals their respective extinction
ratios in dB/m. From the above plots is is observed that the passive state losses of the
BH mode varies from 9 to 18 dB/m, while the modulation depth varies from 0.26 to
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Figure 4.11: The two fundamental plasmon modes supported by the device orthogonal
to each other in passive state. On the left side is mode BH with a dominant TM eld
in x direction and on the right side is mode BV with a dominant TM in y direction due
to the Cu slot guides. The passive state losses of mode BH are signicantly higher than
that of mode BV
0.31 dB/m. This would mean that a device with 3dB modulation would have to be 10
m long and would have losses of 100 dB. This much loss would be dicult to measure
and chances are that it would include too much noise. The higher losses are ostensibly
due to the presence of the thin TiN lm. On analysing the corresponding values for
the BV mode, it is seen that minimum loss is 1 dB/m and maximum modulation at
0.1 dB/m. The losses are observed to be decreased by a factor 10 since there is no
TiN involved in this mode. A 3 dB device in this case would be 30 m long but have
losses of only 30 dB. The further part of this study would thus focus on optimising this
BV mode. The results indicate that there is a need to isolate the active region from
the top and bottom contact levels inorder to improve both the modulation depth and
decrease losses. Keeping in mind fabrication limitations, we choose the top and bottom
oxide thickness for the remaining calculations to be 40 nm and 60 nm respectively. This
would mean optical loss of 1 dB/m while a modulation of 0.08 dB/m.
Eect of Nitride barrier
As mentioned in the previous chapter of MOS waveguides, the Cu metal has a ten-
dency to diuse into the Si layer. To prevent this, it would have to be necessary to
incorporate a thin nitride barrier. For the next calculations, it is interesting to see
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(a) BH mode (b) BV mode
(c) BH mode (d) BV mode
Figure 4.12: (a)-(b) Passive state losses of BH and BV modes and (c)-(d) their cor-
responding modulation depths as a function of top and bottom oxide layers in dB/m
respectively.
how this nitride barrier would aect the modal properties of the plasmon mode. To
that respect, g. 4.13(a) and g. 4.13(b) illustrate the behaviour of the BV mode with
regard to the SiN thickness. In all the calculations, the Cu thickness was xed at 170
nm. According to these curves, a higher SiN thickness means less loss but much lesser
modulation. For e.g for a Ge width 100 nm, the passive state losses are observed to
be around 0.6 dB/ while the modulation is reduced to 0.15 dB/m. To understand
this eect better, we analyse the E eld proles of the BV mode at dierent SiN thick-
nesses, as shown in g 4.14. It is seen that at higher SiN thicknesses, a part of mode
is pushed further into the nitride barrier, due its lower index. While this would entail
lower losses, it would also reduce the eectiveness of the FK induced absorption as
there is less eld in the Ge layer. In another sense however it is better to have a thicker
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(a) (b)
Figure 4.13: (a) Passive state optical losses of mode BV and (b) extinction ratio of
mode BV as a function of Ge width at dieret SiN thicknesses.
Figure 4.14: Ex eld prole(which is the dominant E eld component of the BV mode)
for dierent SiN barrier thicknesses. As the SiN layer thickness increases, the imaginary
part of mode index is also reduces, which inturn reduces the losses.
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Figure 4.15: Variation of passive losses of BV mode as a function of Ge width at dierent
Cu wings thicknesses. At higher the wing layer thickness, the losses are observed to
saturate on the lower side.
nitride layer as this would reduce the possibility of Cu diusion. Again keeping in mind
fabrication limitations, we believe that a nitride barrier of 3 nm thickness should be
sucient to ensure device reliability. These results indicate that a compulsory trade o
in the dimension of the slot SiN layer is key for achieving a high performance modulator
Eect of Cu thickness
Finally for the remaining analysis, we study the eect of dierent thicknesses of Cu
metal wings on the BV mode. The details of this study are ploted in g. 4.15 and
g. 4.16. We observe that higher the Cu metal wing thickness, lower the losses and
higher the modulation. Above 250 nm Cu thickness however, both the losses and
modulation depth start to saturate. Since we would like to work at minimal Ge width,
to take advantage of the connement properties of slot geometry, from the technological
point of view, it would be dicult to fabricate a device with a very high thickness/width
ratio. From the plot we observe that a reasonable Cu thickness would be 150 nm, which
would encompass passive state losses of 1 dB/m and an extinction of 0.3 dB/m.
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Figure 4.16: Variation of extinction ratio of mode BV as a function of Ge width at
dieret Cu wings thicknesses. The modulation depth begins to saturate at higher wing
thicknesses.
Eect of Ge layer
The above plots show that both in the case of Cu and SiN thicknesses there is no
signicance dependence on the Ge layer dimensions on modulation depth. The results
are markedly dierent in the case of losses however. At higher Ge widths, the losses are
observed to considerably increase. Such increase in losses has been reported previously
[59] and can be attributed to the tighter eld connement in the SiN slot region and
the losses due to the metal becoming more dominant. In order to minimize the losses
without compromising the modulation, an optimal Ge width of 120 nm should be
suitable for the nal device fabrication.
4.4.3 Final Design
The nal device design, which would incorporate all of the above optimised parameters.
A schematic of this design is shown in g. 4.17. This would include a Ge intrinsic layer
of 120 nm width and 200 nm height on top of a doped p+ Si layer. An n+ Ge layer
of a similar width and 50 nm height would be deposited over the intrinsic Ge layer.
This top side doped Ge layer would also overlap with the oxide layer, which would
additionally serve to isolate the metal wings from the TiN contact above. The two Cu
metal wings should be of 150 nm thickness and seperated from the Ge layer by a 3
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Figure 4.17: Optimised device design for an plasmon assisted Ge modulator.
nm nitride barrier. Also, keeping in mind the results of g. 4.12, the intrinsic Ge layer
must exceed the Cu wing thickness by 50-60 nm to minimize plasmon losses. This would
entail an overall intrinsic Ge layer thickness of over 200 nm. The device would have
losses of about 1 dB/m and an extinction of 0.3 dB/m. A 3 dB device would then
be of 10 m length and of 10 dB losses. The higher losses are due to the connement
properties of the slot waveguide as also the fact that Ge being a high index material
leads to more of the plasmon mode pushed into the metal. The gure for losses does not
account for coupling losses that would occur when light is coupled from an SOI guide.
On comparison with recently implemented photonic modulators, we observe that this
device would be of much lower size, albeit however with much higher losses.
4.4.4 Electrical Simulations
Before converging on a nal device design, it is necessary to test the electrical per-
formance of the submarine slot Ge modulator. As the FK eect is dependent on the
magnitude of E eld, it is necessary to channel maximum E eld into the intrinsic Ge
region. An electrical simulation in this regard, would best mimic the actual device oper-
ation. These simulations were performed by Delphine Marris-Morini at IEF Paris-Sud,
using the Dessus package.
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For the simulations, the intrinsic Ge region is chosen to be 100 nm wide and 250
nm in thickness. The n-doped Ge layer is 50 nm thick. The Cu metal wings are 50
nm thick and 500 nm wide. A bias is applied between the contact point of the top
Cu metal gate and another point on the Si layer. A residual doping of 1016cm 1 was
considered for the p+ region and 1019cm 1 for the n doped Ge layer. The simulation
is performed for calculating the electric eld by solving the poisson's equation and the
equation of continuity for both electrons and holes. The bias voltage is varied between
0 and 5 V. The results are summarised in g. 4.18 It is observed from this data that
Figure 4.18: The device static E eld at dierent applied bias. The eld inside the
intrinsic Ge seems to be much less as compared to that in n+ Ge.
the static E eld inside the intrinsic Ge region is minimum. A cause of this could be
the two metal wings that induce screening eects of charges. To further investigate
this, the calculations are again performed for a device without any metal wings. These
results are depicted in g. 4.19. In this case the static eld in the intrinsic Ge region is
much higher than in the case where the metal wings were present. A way to circumvent
this problem might be by applying an additional third bias in one or more of the metal
wings. This work is ongoing pending further results.
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Figure 4.19: The device static E eld at dierent applied bias voltages for a device
without any metal wings. In this case, there is considerable eld inside the intrinsic Ge
layer as compared to the previous case shown above.
4.5 Conclusion
The goal of this work was to model a plasmon assisted modulator based on the Franz
Keldysh eect in Ge. As such we have investigated the metal slot geometry for de-
signing an EA modulator. On analysing the modal characteristics of this device, it is
seen that for an optimal geometry for a 3dB modulation this device would have 10 dB
losses. The calculated modulation, although sucient for conceiving a compact design,
is primarily oset by even higher plasmon losses.
We further also analyse the electrical behaviour of this device through simulations.
It is seen that the static electric eld(critical for inducing the FK eect) is present in
the Ge intrinsic layer(which is also the active region) only if the metal wings are not
present. To address this issue, it would be interesting to study a similar design by using
low loss optical materials like TaN as electrical contacts.
On the whole, the task of designing a compact integrated EA modulator is challenging,
especially given the technological constraints imposed by the CMOS environment which
restricts the available options in terms of design and materials. Nevertheless, several
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other designs still remain to be investigated in this regard before fabricating and test-
ing a prototype device. This work is presently being continued in the framework of the
MASSTOR project.
Chapter 5
Modeling of Optical Antenna based
Ge Photodetector
5.1 Introduction
The eld of optical antennas has attracted wide interest in the past few years over many
potential applications due to its unique properties of guiding and conning light to the
nanoscale dimensions using surface plasmons. A critical challenge to developing optical
antennas operating in visible and near infrared region is their small geometries, which
often require sub-50 nm lithography technique for their fabrication. However with the
recent development in nanotechnology, the fabrication of antenna based structures has
now become feasible.
Most of the integrated circuits are based on Si due to its well developed fabrication
techniques. However due to its indirect band gap being at 1.12 eV, Si is optically trans-
parent for wavelengths above 1.1m. This work is dedicated to optimizing an optical
antenna design to improve the performance of SiGe dot based near infrared photode-
tector. The study would involve extensive use of computational techniques such as the
boundary element method(BEM) as well as FDTD. Also discussed would be the eect
of substrate on the overall antenna performance. In the beginning a brief overview of
classical antenna theory is discussed. Comparisons will be drawn with optical analogies.
An antenna functions on the principle that free charge carriers that are constrained
in a certain region of space may oscillate if an external AC voltage is applied or if
disturbed by an EM wave in regions of space. Antennas in the eld of radio frequen-
cies were rst demonstrated by Heinrich Hertz and later by Guglielmo Marconi who is
credited to have pioneered the eld of radio wave communication. Hertz had in 1887
demonstrated that radio signals were electromagnetic waves, like light. His experiment
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consisted of a very primitive RLC circuit that, when discharged, produced an oscilla-
tory current that circulated along a wire of a length comparable to the wavelength of
the current. Like the induction eld, the electromagnetic wave is created by an elec-
trical current moving in a conductor. Unlike the induction eld, however, the radiated
eld leaves the conductor and propagates through space as an electromagnetic wave.
Antenna designs have already been well developed where they are used as signal trans-
mitters as well as receivers of radio frequencies that are now deployed extensively for
commercial applications in communications as well as defence networking. The typical
size of these designs range from hundred meters to a couple of millimeters.
Figure 5.1: A typical Yagi Uda RF antenna held by one of its inventors Hidetsugu Yagi.
It has one reector and two directors(adopted from[141]).
5.2 Antenna Theory
5.2.1 Dipole Antenna
The analogy drawn by a two wire transmission line is the most simplest form when it
comes to describing an antenna system[142]. It basically consists of two wires, each
of length L terminated by an open end that are driven by a high frequency voltage
source. The current in this case is reected at the terminal ends, which results in a
standing wave along the line. Even though this current is time harmonic with a spatially
varying amplitude, it does not radiate into the far eld if the gap between the wires
is small. This is because the current in each wire has an opposite phase and so the
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Figure 5.2: The two wire transmission line and the linear dipole.
radiation at far-eld tends to cancel each other due to destructive interference. Now,
if the end of the two wires is bended at a certain distance from the ends by 90 each
in opposite direction, the resulting structure is transformed into what is known as a
dipole antenna. In this structure, the current distribution at either ends is totally in
phase due to which it radiates much more eciently. For an innitely long transmission
line the characteristic impedance Z0 is dened as the ratio of the voltage between the
transmission lines and the current in the wire i.e
Z0 =
U(z)
I(z)
(5.1)
which is independent of the position z along the line. This impedance depends solely
on the materials used and the geometry of the structure. The current distribution I(z)
of antennas with extremely thin wires compared to the wavelength is described by a
sinosoidal relation:
I(z) = Imaxsin[k(
1
2
L  jzj)] (5.2)
This current distribution is however valid only for unbend transmission lines as opposed
to bend lines which are regarded as resonant circuits having a complex impedance ZL
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Figure 5.3: Co-ordinate system for antenna analysis.
resulting in some reection at the bending points and a shift in the standing wave
patterns. The impedance in this case is the ratio of the voltage at each terminals to
that of the current owing in each arms. ZL =
U(0)
I(0)
= RL + iXL with RL the resistive
impedance. Antenna resonance at driving frequency occurs when the complex part of
impedance XL = 0.
5.2.2 Antenna parameters
Now the total radiation intensity of an antenna is expressed as the time averaged Poynt-
ing vector per unit solid angle:
U (; ) =

dP
d


(5.3)
The total irradiated power is obtained by integrating over all solid angles d
 = sin dd
Prad =
Z 
0
Z 2
0
U (; ) d
 (5.4)
where d
 is the solid angle. We describe UI as the isotropic radiation intensity over all
solid angles and UT as the total power intensity. As such
UI =
Prad

sphere
=
Prad
4
(5.5)
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Figure 5.4: Standing-wave dipole antenna patterns and directivities at l = 
2
and l = 
(from [142]).
On the other hand the total power intensity may be dened as the one which also
includes the non radiative intensity
UT =
Prad + Pnrad
4
=
PT
4
(5.6)
Where PT is the total power absorbed at the antenna which also includes other loss
mechanisms like ohmic losses and currents owing in the antenna as well as losses
of the surrounding dielectric media. As the total absorbed power Prad is determined
by the real part of antenna impedance, RL which also includes ohmic losses Rnr as
well as radiation losses Rrad, we have the radiated power, also known as the radiation
resistancePrad =
1
2
RradI
2
0 where RL = Rrad+Rnrad.  known as the radiation eciency
may also be dened in terms of radiation losses as:
 =
Rrad
Rrad +Rnrad
(5.7)
The antenna directivity towards a given direction D(; ) is dened as the radiation
intensity normalized by the isotropic radiation intensity. This directivity is often ex-
pressed in dB.
directivity D(; ) =
U(; )
UI
=
U(; )
Prad
4
=
4
Prad
dP
d

(5.8)
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Another important gure of merit is the antenna gain G(; ) which is also dened as
the ratio of the radiation intensity to that of the total input power at the terminals.
G(; ) =
U(; )
Prad+Pnrad
4
= D( ) (5.9)
Like directivity the gain factor is also measured in dB. As both the directivity and
antenna gain are frequency dependent, it is necessary to specify the bandwidth of
operation.
5.3 Antennas at Optical Frequencies
In the RF regime, metals are regarded as near perfect conductors with an innitely
large negative permitivity . In the optical region however, the  is a nite term with
a complex value which depends strongly on the wavelength of excitation as is concrued
from the plasmon dispersion relation. Any analytical description of optical antennas
would have to take into account this dispersion relation due to which the surface waves
at the metal dielectric interface is much smaller than the free space wavelength. In this
region, it would be prudent to treat the antenna element as a strongly coupled plasma.
In the case of metal nanoparticles, of just a few nanometers size, light can easily
penetrate the entire structure and cover all the conduction electrons. This leads to
a displacement of the conduction band electrons with respect to the positive ion cores.
As a consequence, a restoring force is developed due to the resulting electric dipole
and the particle behaves like a light driven harmonic oscillator with some ohmic losses.
The physical eects of surface plasmons on nanoparticles can thus be dened by the
oscillator model. The associated surface plasmon resonances may be found in dierent
regions of visible and infrared alike depending on the particle shape, size, dielectric
environment and the material. When compared to the scale of incident wavelength,
nanoparticle resonances are often localized and are termed as localized surface plasmon
resonances(LSPRs). Here the main factor to be considered is excitation of a specic
wavelength. When dealing with non spherical particles however, the polarization direc-
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Figure 5.5: Localised plasmon oscillations in metal nanoparticles due to coupling at
resonance wavelength.
tion also needs to be considered.
For particles with spherical geometries, the Mie theory[144] analytically predicts the
scattering and absorption coecients by determining the excitation strength of the dif-
ferent dipolar and multipolar modes, by expansion of the incoming eld into vector
harmonic functions. For particles of very small dimensions, the quasistatic approxima-
tion[145] is applied which gives a good agreement with experiments. In this approxima-
tion, the excitation eld is assumed to be homogeneous over the particle volume. The
polarizability i of an ellipsoidal particle parallel to the ellipsoidal axis i is expressed
as:
i =
4
3
abc
m   d
d + Ai [m   d] (5.10)
Here m and d signify the frequency dependent dielectric functions of the metal and the
surrounding dielectric respectively. Ai is a shape dependent constant. The terms a,b,c
relate to the ellipsoid's half axes. This term is better described by the dipole approx-
imation[146] in which the EM eld due to plasmon modes on the metal nanoparticle
is described by the EM eld of an oscillating point dipole located in the center of the
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Figure 5.6: A schematic of a nanoscale dipole optical antenna with a dielectric loaded
feedgap(left).(from[143])When excited with a polarization along its dipole axis, a buildup
of positive and negative charges appear on either side of the feedback. Such nanoanten-
nas nd applications in many elds.
particle. The particle absorption and scattering cross-sections are given as:
Cabs = kImfg (5.11)
Cscat =
k4
6
jj2 (5.12)
Although both the scattering and absorption terms depend on the particle's polarizabil-
ity  and the wave number k, their functional dependencies are dierent, that is to say
their respective absorption and scattering maxima will be slightly dierent. Moreover,
given the square dependency for scattering and linear dependency for absorption, for
smaller particles, absorption cross section will dominate while it will be vice-versa for
larger particles. It has also been shown that maximum absorption is inversely propor-
tional to the imaginary part of particle permitivity. This could mean that lossy[144]
materials like Al which are otherwise not considered for plasmonic guides, could on the
other hand be used for nanoantenna applications.
At optical frequencies, the conventional half-wave dipole rule doesnt apply to thin
metal rods as the metal is no longer perfectly reecting. The half wave resonance
being dependent on the material properties is incidently much shorter. The eective
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wavelength eff in the case of a single innitely long thin nanorod embedded in a ho-
mogeneous dielectric media is related to the incident radiation by the relation[147,148]:
eff = a+ b
0
p
(5.13)
Here p is the plasma wavelength and a and b depend on the geometry and dielectric
material constants. The reduction in the plasmonic eective wavelength is a factor 2
to 6 lesser than that observed for free space for typical metals like Al, Cu for realistic
antenna thicknesses.
5.3.1 Eect of Substrate
In the case of RF antennas, it is known that when an antenna is positioned over ground,
the large refractive index of the substrate compared to that of air can modify the an-
tenna emission patterns. A similar case can also be made for optical antennas. In most
problems involving antennas, the resonances of nanoparticles depends mostly on the
dielectric properties of the medium surrounding it.
However there are many applications that require arrays of nanoparticles to be fabri-
cated on top of a substrate comprising glass, quartz or semiconductor with air as the
cladding on top. In such cases the prediction of resonances becomes complicated and
challenging. This might require tuning the substrate dimensions to match the reso-
nance. The substrate eect can be explained in terms of the image theory[149] where
there are additional image charges are produced at resonance arising from the induced
polarisation in the dielectric substrate. The image theory however fails in cases where
the nanoparticles are too close to the substrate, due to the eects of multipolar res-
onances. Recently it was shown that a higher quality factor can be achieved for the
antenna by appropriately tuning the substrate spacer thickness[150].
5.4 Optical Modelling of Plasmon Photodetectors
A photodetector is a critical component of an integrated optical device whose primary
function is to convert incoming radiation into electrical signal. An ideal compact inte-
grated photodetector is expected to have a good absorption eciency along with a fast
response time. The latter quality would mean the photodetector must have a thin deple-
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tion layer which inturn increases the depletion layer capacitance and hence the response
time. Thus to reduce this capacitance, it is required to reduce the photodetector active
area. Most of the III-V materials are good absorbers in the near infrared region. How-
ever due to their present technological constraints, Ge (which has a comparatively lower
absorption) is the preferred choice among active photodetector materials. One way to
scale down the size is by employing plasmons to access the active region by employing an
antenna in the photodetector vicinity. To that end plasmon based photodetectors have
attracted much interest in the near[151] as well as mid-infrared regions[152{155]. It has
been shown that using certain resonant antenna based geometries, such as dipole[156]
and split bulls eye[157] type structures, the detector photoresponse can be considerably
enhanced.
This work is based on the need to design an ecient antenna assisted near infrared
photodetector. It is mainly motivated by the group of Silvano De Franceschi[158] who
have been performing quantum transport measurements on a SiGe dot by contacting
them with metal electrodes. These electrodes if tuned properly, can additionally serve
as an optical antenna. The photodetector material for our study has been chosen to
be an SiGe dot due to the fact that its lower direct bandgap of 0.8eV corresponds to
the optical communication C band[159{164] and also as it is CMOS compatible, it can
be easily integrated in standard foundaries. The antenna material chosen here is Al,
which is also commonly used in foundaries as an electrical contact.
The standard SOI stack is used as the subsrate material consisting of an Si/SiO2 layer
on which the antenna rests. Initially the BEM technique is used to optimize the 2D
design. Since the 2D BEM is considerably faster as only surface meshing is required,
a quick optimization of the 2D gemometry can be achieved this way. 3D FDTD sim-
ulations are then done to further investigate and optimize the 2D design obtained by
BEM.
5.4.1 BEM simulation
To begin with, the optical absorption of the single SiGe quantum dot that rests on a
standard SOI stack without any antenna in the vicinity is calculated. The SiGe dot
is of a diameter of 80 nm and thickness 20 nm. The SOI stack consists of layers of Si
of thickness tSi and SiO2 thickness tSiO2 . Next an antenna of length L and thickness
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Figure 5.7: The 2D antenna design used for the BEM study.
tAl is placed contacted to the dot. The wavelength of operation is set at 1.3 m. A
schematic of the structure is shown in g. 5.7. The entire structure is illuminated with
a linearly polarized monochromatic TM wave incident normally in which the magnetic
eld is perpendicular to the xz plane on which the structure rests. A convergence study
is rst performed to choose the optimal mesh conguration. In order to account for any
spurious eld divergence and scattering eects, a graded mesh conguration is chosen
where the mesh in and around the dot is set at 0.5 nm as compared to the meshing
of the global volume. A similar study is also done to choose the boundary of the
simulation volume. The optical absorption of a quantum dot is calculated by placing
an absorption box roughly of the same size as that of the dot. The optical indices used
are Al=1.22+13.15i, Si=3.46, SiGe dot= 3.95+0.0001i(50 pc Ge), SiO2=1.44 [167].
The power absorbed is given as:
Pabs =
1
2
n1L

Pbem
Z0

(5.14)
Where Pbem is the value obtained from the BEM calculation, Z0 is the free space
impedance, n1 is the index of the incident medium and L is the lateral length of the
absorption box in nm. The absorbed power is estimated in nanowatts. The standard
SOI substrate chosen for this study consists of 65 nm Si and SiO2 each. Keeping in mind,
fabrication limitations, the feed gap Wg which includes some part of Al overlapping on
the SiGe dot is chosen to be 50 nm. Initially the absorption of this quantum dot is
calculated to be 7.96e-6 nW when there is no antenna in the vicinity. Subsequently the
two Al arms are placed and the absorption is then calculated as a function of thickness
tAl varied between 20 and 300 nm with step size of 20 nm and the length L is varied
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Figure 5.8: Absorption of SiGe dot as a function of Antenna length 2L and thickness
tAl. Maximum absorption is found to be 3.71e-5 nW.
between 50 and 1400 nm on either arms and the optical absorption is calculated in
each case. The results are plotted in g 5.8. A maximum absorption of 3.71e-5 nW
is calculated for an antenna length of 1500 nm and a height of 240 nm. This would
indicate a factor enhancement of about 40.
It should be pointed out that, an antenna with such thick dimensions would be dif-
cult to fabricate. In order to thus enable an feasible design as well as improve the
eciency even further, some other factors would have to be considered.
As pointed out earlier, it would be interesting to investigate the role of the substrate. In
the above calculations this substrate layer was matched to the one that is commercially
available. In the following calculation the parametric sweep will be done by varying
the antenna length 2L and Si thickness tSi. The antenna thickness tAl is xed at 20
nm where as the total length 2L is varied between 100 and 2500 and Si thickness tSi
is varied between 50 and 1200 nm with a step size of 50 nm in each case. The SiO2
thickness is set at 225 nm corresponding to approx. quarter wave plate thickness at
1.3 m. The results are plotted in g. 5.9(a). The maximum absorption is observed
to be 8.36e-4 nW, which is for antenna length 900 nm and Si thickness 150 nm and
corresponding to an absorption enhancement of 100 times.
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(a) tAl 20 nm (b) tAl 40 nm
(c) tAl 60 nm (d) tAl 80 nm
Figure 5.9: (a)-(d), Plot showing optical power absorption in nanowatts for the SiGe
dot as a function of Antenna length 2L and Si thickness at dierent Al thicknesses.
Maximum absorption observed to be for 40 nm Al thickness at 9.15e-4 nW.
To see if there is any eect of metal thickness on the absorption, similar calculations
are also performed for dierent thicknesses of Al(g. 5.9).
In all the calculations at dierent Al thicknesses it is observed that the maxima
occurs at a similar value of antenna length and Si thickness. Moreover there seems
no drastic change in the value of maximum absorption. Between all the above plots,
maximum absorption is recorded for antenna thicknesses 40 and 60 nm at 9.15e-4 nW.
Also to be noted is that, it would be not too dicult to fabricate an Al contact of this
dimension. Each of these plots also indicate a certain periodicity. To further investi-
gate this periodicity the calculation for g. 5.9(b) is repeated with a ner sampling in
g. 5.10. The antenna length is varied between 40 to 1800 nm while Si thickness is
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Figure 5.10: The 2D parametric sweep of antenna thickness 40 nm repeated with ner
sampling of Al and Si dimensions.
varied between 10-1200 nm with a sampling of 10 nm for each parameter. The g. 5.10
shows even ner periodic features for both antenna length and Si thickness. Absorption
is maximum in the region encompassing antenna length 900-950 nm and Si thickness
140-150 nm.
To further optimise this geometry, another study carried out by varying only the SiO2
layer and choosing the above values for the other two parameters. The SiO2 layer is
varied between 10 and 2000 nm with a step size of 10 nm. In each case the absorption
is normalized to that of a single dot without any antenna. The simulation results are
shown in g. 5.11. The results seem to point to an oscillating behavior with respect to
the SiO2 layer which points to the presence of an FP cavity. The rst maxima occurs at
an SiO2 thickness of 250 nm. The period of oscillation observed to be around 450 nm.
We now have an optimized 2D antenna geometry antenna length 900 nm Si thickness
150 nm and SiO2 thickness 250 nm. These parameters will be utilized in the remaining
part of this study.
Due to the oscillatory behaviour of the absorption plot vis a vis the SOI stack, it might
be interesting to see if incorporating a multilayer substrate composed of cascaded Si/Ox
5.4 Optical Modelling of Plasmon Photodetectors 89
Figure 5.11: The Normalised optical absorption as a function of SiO2 thickness. The
absorption pattern appears to follow an oscillatory behaviour which might point to cavity
eects due to oxide layer
No. Si/SiO2 interf. Absorption enhancement (BEM)
1. 120
2. 151
3. 56.6
4. 23.3
Table 5.1: Asborption enhancement as function of multistack layers of substrate.
layers, could improve the absorption. As such by using the above optimized paramters
of antenna structure(Si = 150 nm and SiO2 = 250 nm), the calculation is repeated for
dierent layers of Si/SiO2interfaces as shown in g. 5.12. These results are shown in
table 5.1. The absorption increases for 2 periods of Si/SiO2 and then starts to reduce.
This absorption is found to be 1.19e-3 nW which is a little more than that of absorption
of a single layer SOI stack.
5.4.2 FDTD
The above BEM calculation has been performed for a 2D geometry. In order to design
an optimal geometry however, it is also necessary to evaluate the corresponding values of
antenna parameters for a 3D structure. Doing so will also entail a deeper understanding
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Figure 5.12: The 2D design may be improved upon by incorporating a cascaded layer in
the substrate consisting of alternating Si=SiO2 layers.
of the factors aecting the antenna resonance conditions. To do that fully vectorial 3D
FDTD simulations using the Lumerical package are performed utilizing the 2D values
obtained by the above optimised geometry from BEM. As such, all the parameters of
the structure ie. thickness and length of Al, thickness of Si and SiO2 which lie in the
xz plane are derived from the BEM results. Since the Al is contacted on the dot, a
ner mesh for the SiGe dot and its immediate surroundings is chosen at 0.5 nm. A
TM polarised plane wave with the H eld polarised in the y direction is selected to be
incident normally on the structure. To calculate the dot absorption, a 3D eld monitor
is placed to match the dimensions of the SiGe dot and another index monitor is placed
ovelapping the former. Field monitors are also placed in various locations to extract
and study the eld maps. The total power absorbed[165,166] by the dot is given as :
Pabs =
!
2
Im()jEj2 (5.15)
Planar design
At rst the planar rectangular geometry(g. 5.13) of nite width is considered since this
would closely aprroximate the BEM study where the antenna possesses innite width.
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Figure 5.13: 3D planar design used for the FDTD study.
Figure 5.14: Normalised antenna absorption as function of antenna width Wg.
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Next, the SiGe absorption is calculated as a function of the width Wg of the Al arms.
The results of this study are plotted in g. 5.14. In each case the antenna assisted dot
absorption is normalised to that of absorption by a single dot without any antenna in
the vicinity. Maximum absorption enhancement is observed for a width of 1500 nm
with an enhancement factor of 150 times.
Bow-tie design
It might be interesting to see if incorporating a bow tie type geometry can further
improve the optical absorption. Bow-tie antennas are considered to have higher eld
enhancement in the gap compared with two-wire antennas because of larger lightning-
rod eect at the apex[168{172]. A schematic of the 3D geometry is shown in g. 5.15.
The tip width is xed at 50 nm which is same as the gap distance between the two
arms. A series of simulations are performed, wherein each case only the bow tie are
angle theta is varied between 0 and 120 in steps of 5 deg each. These simulations are
done for both a single and two layer SOI stacks.
(a) 3D geometry (b) 2D cross section
Figure 5.15: FDTD simulation layout. The depicted applied bias is for illustrational
purpose only.
5.5 Results and discussion
The results show a maximum absorption enhancement of over 500 times for a bow tie
geometry with a tip angle 60 deg with a single layer SOI stack. The corresponding
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Figure 5.16: Ge absorption as a function of bow tie angle  for single and two layer
SOI stacks.
enhancement for a 2 layer SOI stack is 930 times. The dierent eld maps extracted
from eld monitors are presented in the following g. 5.17 and 5.18 which show the
E intensity eld prole of an SiGe dot on a standard SOI stack without any antenna
surrounding it and that of a dot surrounded by a bow tie antenna with a 60 tip on a two
layer optimized SOI stack, corresponding to maximum absorption in two separate cross
sectional views. A rough comparison of the eld pattern does indeed show a strong eld
enhancement in the antenna feed gap when compared to the case without antennas when
no plasmons are present. An overlook of the eld maps shown in g. B.2(Appendix-
B) shows a TM signature of the eld pattern which in turn suggests the existence
of guided surface waves at the Al/Si interface that are responsible for the resonant
eld enhancement at the feed gap. These surface waves that are coupled from the
incident light are strongly dependent on parameters such as antenna geometry, dielectric
composition as well as polarization as well as excitation wavelength. Furthermore a
closer look at g. 5.17(b) show bumps in the eld patterns which could be a result
of higher order multipolar resonances[173, 174]. To analyse in detail the eect that
the substrate has on this resonance, a further simulation((g. 5.19) is carried out by
retaining the structural geometry of optimized bowtie antenna geometry but tuning
the Si substrate thickness corresponding to low absorption as obtained from the BEM
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(a) Without antenna (b) With antenna
Figure 5.17: The E eld intensity (log) perpendicular to plane of incidence(xy) from a
monitor placed in the antenna.
(a) Without antenna (b) With antenna
Figure 5.18: The E eld intensity (log) along the antenna axis(xz).
5.5 Results and discussion 95
plot. The eld patterns in g. 5.19(b) shows that there is some residual eld in the
unoptimized substrate region. For the optimized substrate however, no such eld is
observed. This feature could be explained by the existence of guided photonic modes
in the unoptimized substrate stack to which the incident EM wave is coupled. The
optimized substrate however allows only the presence of plasmon and leaky modes.
Near eld engineering of substrate dimensions is therefore critical to take advantage
of resonant antenna properties. Fig. B.3(Appendix-B) shows the E eld intensity
(a) (b)
Figure 5.19: Magnetic eld intensity (linear) in the case of resonant antenna (a) with
and (b) without optimized SOI substrate. In the case of latter, some residual eld in
the substrate region is observed.
No. of
Si/Ox
interf.
Absorption enhancement (FDTD)
bow tie 0 deg. bow tie 60 deg.
1 32.71 512
2 66 930
3 59.76 691
4 16 227
Table 5.2: FDTD calculation of normalised dot absorption for dierent substrate stacks
at dierent bow are angles.
proles at dierent cascaded substrate layers of the opimized antenna. There seems
to be more near eld in the feed gap for the 2 layer antenna than for other cascaded
SOI stacks. This as well as the results of table 5.2 are in good agreement with BEM
results(table 5.1) depicted in the previous section.
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For these calculations I have investigated the case of a single polarization angle
which is maximum along the antenna dipole axis resembling the calculations performed
in BEM. It might also be interesting to study the eect of this angle on the antenna near
eld properties at dierent bow are angles. Also likewise, it would be interesting to
see if incroporating certain cross-resonant structures, leads to further eld enhancement
in the antenna feed gap region. It must be pointed out that a gap dependent study
has been excluded from this work keeping in mind the goal of designing a device based
on current fabrication limitations. Such a study however would have probably yeilded
more physical insight into the various factors aecting plasmon resonances, and shall
now be left for future works.
5.6 Conclusion
This chapter was largely focussed on the optical modelling of an antenna based pho-
todetector using the BEM and FDTD techniques in the near infrared region of optical
communication. At rst the BEM technique was used to investigate the dependence
of optical absorption of an SiGe quantum dot with an Al layer in the vicinity as a
function of dierent antenna parameters. For an optimal 2D design, comprising both
the Al and SOI layers, the total absorption enhancement is found to be 150 times. A
further improvement in 3D design is observed while performing FDTD simulations on
a bow-tie structure.
The results suggest that through proper tuning of both antenna geometry and sub-
strate dimensions, a higher radiative coupling can be achieved in the antenna feed gap
region. For the nal optimized structure, an absorption enhancement of over 900 times
is achieved by the SiGe dot photodetector. The observed eld maps seem to be in
conrmation with the calculated data. By combining the faster BEM technique with
FDTD, we have been able to derive an optimal 3D antenna geometry with signicantly
reduced computation time and memory.
Such design could be readily developed using existing fabrication techniques to see
if the observed eld enhancement transpires into improved photodetector responsivity
Conclusions and Perspectives
The interest of using plasmons for CMOS plasmonic active devices has been investi-
gated throughout this work.
The third chapter is dedicated to a rigorous numerical investigation of a metal ox-
ide semiconductor plasmonic waveguide. Here emphasis was mostly laid on the modal
and propagation characteristics of this structure. The plasmon propagation charac-
teristics of a MOS waveguide has been analysed in detail numerically. Both modal
properties and transmission results from FDTD simulations suggested a largely single
mode behavior at short waveguide widths with some leaky contributions. At larger
widths, self-imaging due to MMI eect is observed. There is an enormous potential to
integrate plasmonic elements into photonic circuits. The MMI eect evidenced here in
a MOS waveguide can be exploited to develop passive elements like splitters, routers,
multiplexers just like photonic guides albeit with much lesser dimensions. Throuhout
those developments, it should be paid attention to possible leaky modes non negligible
contributions, such as the one we observed and discussed here in the case of a canonical
butt coupler.
Chapter four dealt with optimising a metal slot waveguide based design for an elec-
troabsorption modulator based on the Franz Keldysh eect in Ge, while preserving a
CMOS compatible fabrication scheme. Simulations were performed using the nite el-
ement method to investigate the modal characteristics of this design. The use of metal
slot guides for designing plasmon modulators show that there are denite technological
limitations. Here the main issue to be addressed is that of plasmon propagation losses.
A ne balance is required when it comes to achieving higher mode connement and
reducing propagation losses. Another issue here is the diusion of metals. While low
index barriers can provide some cushion in this regard, they may also act as low loss
channels for plasmons, which may aect the overall device extinction ratio. A very
compact design is reached, at the cost of some compromise on the losses of the device,
opening some perspective for the reduction of energy consumption modulators for inte-
grated photonic circuits. Alternatively other designs and or low loss contact materials
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may also be explored.
The fth and nal chapter is focussed on conceiving a novel nanoantenna design for
a Ge dot photodetector. Extensive use was made of both the BEM and FDTD tech-
niques. While BEM was used to optimise the 2D design, FDTD was used for the 3D.
The Ge dot antenna optimisation has by and large demonstrated the eciency of using
the boundary element method in near eld engineering of nanoplasmonic antennas for
near infra-red photodetection. So far the boundary element method has been mostly
applied to nanomatellic structures of arbitrary shapes in homogenous media in the vis-
ible spectrum. Here we have extended this formulation to simulate of nanoantennas on
an SOI substrate. Moreover the fast and ecient use of the boundary element method
together with an optimization algorithm, can greatly reduce the computational time
required for simulations. The 2D BEM results seem to be in good agreement with 3D
FDTD results. The BEM technique may in future be adapted to analyse more complex
geometries in both visible and infra-red regimes. On the scientic point of view, an
issue with nanoantennas so far not addressed in previous works has been the eect of
substrates on its near eld properties. The results from BEM and FDTD show that
through a proper choice of geometry as well as substrate dimensions, an almost 3 order
absorption enhancement was noticed for the optimised design. That result stems from
the radiative engineering of the Ge dot environment, obviously including the plasmonic
antenna, but also the SOI substrate structure. Calculated geometries could be eas-
ily implanted, so as to check whether this enhancement may transpose into increased
detector responsivity.
Appendix A-Overlap Analysis
Any eld can be decomposed into the corresponding output elds as a basis of orthog-
onal modes. Hence expressing the electric and magnetic elds Eout and Hout as:
Eout =
X
i
piEi (5.16)
Hout =
X
i
qiHi (5.17)
Applying the continuity of the tangential components accross the interface and assuming
the reected elds are small we have:
E?inp = E
?
out (5.18)
H?inp = H
?
out (5.19)
The input elds may now be expresed as:
Einp =
X
i
piEi (5.20)
Hinp =
X
i
qiHi (5.21)
Multiplying the rst of the above by H:
Einp Hi =
X
i
piEi Hi (5.22)
pi =
R
Einp Hi :dSR
Ei Hi dS
(5.23)
Similarly
qi =
R
Ei Hinp:dSR
Ei Hi :dS
(5.24)
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Now the total power in the input and output elds may be expressed as:
Pinp =
1
2
Re
Z
Einp Hinp

:dS (5.25)
Pout =
1
2
Re
(Z  X
i
piEi
!

 X
i
qiHi
!)
:dS (5.26)
Substituting the terms pi and qi
Pout =
1
2
Re
( R
Einp Hi :dS
  R
Ei Hinp:dS
  R
Ei Hi :dS
 R
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 ) (5.28)
The overlap integral is then the ratio of the total power of the ith mode propagating in
the output guide to that of the power in the input guide:
Pout
Pinp
= Re
( R
Einp Hi :dS
  R
Ei Hinp:dS
 R
Ei Hi :dS
 ) 1
Re
 R
Einp Hinp:dS
	 (5.29)
Appendix B-FDTD Field Maps of
Optical Antenna
(a) 0 (b) 30
(c) 90 (d) 120
Figure B.1 The E eld intensity prole in log scale for dierent bow are angles for
the for antennas with optimised length and 2 layer substrate. These eld proles are in
good agreement to the data plotted in gure 5.16
102 Modeling of Optical Antenna based Ge Photodetector
(e) Ex (f) Ey
(g) Ez (h) Hx
(i) Hy (j) Hz
Figure B.2 The dierent E and H eld magnitudes for the optimised antenna in absolute
log scale. The dominant components are Ex, Ez and Hy implying a resonant plasmon
excitation at Al/Si interface.
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(k) 1 layer (l) 2 layer
(m) 3 layer (n) 4 layer
Figure B.3 The E eld intensity prole in linear scale extracted from a monitor cutting
across the antenna axis along the xz plane for the optimised bow tie design for cascaded
layers of Si/Ox interfaces. There appears to be a clear correspondance with the results
of table 5.2
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Abstract
Interest in the eld of plasmonics has been primarily driven by the need to guide and
conne light in the subwavelength scale. The past few years has witnessed a huge inter-
est in this eld largely due to the may advances that have occured in nanofabrication
techniques. The eld of plasmonics is often touted as the next generation platform that
could interface nanoscale electronics and Si photonics.
With current electronic systems nearing saturation, the migration to photonic systems
would become inevitable. Crucial to achieving this integration is to design reliable plas-
monic components within nanophotonics circuits. This however requires an accurate
estimation of the electromagnetic response of these components. Numerical modeling
tools are one way to gauge this response.
By and large the thesis deals with numerically analysing the propagation and near
eld characteristics of plasmon based components for Si photonics. The two principal
EM modelling tools used in this regard are the boundary element method as well as
the nite dierence time domain. Two main kind of active plasmonic active devices
were investigated: integrated modulators, and free space radiation photodetectors. The
critical issue of an ecient coupling of light into a very conned guided plasmonic mode
was rst investigated so as to isolate the main modal governing contributions. Next,
a new structure of plasmon assisted modulator was proposed and a complete optical
design taking into the technological constraints of a CMOS foundry is provided and
discussed.
Finally a design optimizing the radiative coupling to the absorption of a Ge dot, using
a plasmonic dipolar antenna, is studied. In particular the radiative engineering of the
supporting SOI substrate is shown to have a tremendous eect on the nal performance
of the device.
Resume
Bien que les proprietes optiques des metaux nanostructures soit connues depuis de
nombreuses decennies, ce n'est que dans les dernieres annees que ce domaine a suscite
un grand intere^t. Ceci est en partie du^ aux nombreux progres des techniques de nano-
fabrication. Le domaine de la plasmonique est souvent presentee comme la support de
la prochaine generation de dispositifs de traitement de l'information, melageant la na-
noelectronique et la photonique silicium pour obtenir des disposotifs plus performants.
Les systemes microelectroniques actuels approchant de la saturation en terme de bande
passante et de consomation energetique, la migration vers les systemes photoniques
semble inevitable. La prediction de la reponse electromagnetique de ces composants
nano-photoniques est essentiels au succes de leur integration realiste. Les outils nu-
meriques de simulation electromagnetiques sont le moyen par excellence de calculer
precisement er de maniere realiste les proprietes optiques de composants nanophoto-
niques, et en particulier ceux utilisant des plasmons de surface.
Ce travail de these rend compte de l'analyse numerique de la propagation et des carac-
teristiques de champ proche de composants a base de plasmons pour la photonique en
technologie CMOS. Les deux principaux outils de modelisation EM utilises a cet egard
sont la methode des elements des moments, ainsi que la FDTD. Deux types principaux
de dispositifs actifs plasmoniques actifs ont ete etudies : d'une part les modulateurs
electro-optiques integres et d'autre part des detecteurs a base de quantum dot de Ge,
le tout dans la gamme du proche infrarouge. La question cruciale d'un couplage ecace
de la lumiere dans un mode tres conne plasmonique a d'abord ete etudiee de maniere
a isoler la part modale des principales contributions. Ensuite, une nouvelle structure de
modulateur assiste plasmon a ete proposee et une conception optique complete prenant
en compte les contraintes technologiques d'une fonderie CMOS est proposee et discutee.
Enn une conception optimisee du couplage radiatif de l'absorption d'un point de Ge,
en utilisant une antenne dipolaire plasmonique, est etudiee. En particulier, l'ingenierie
radiative du substrat SOI permet de demontrer un eet considerable sur la performance
nale du dispositif.
